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The Mission of AGARD

According to its Charter. the mission of AGARD is to bring together the leading personalities of the NATO nations in the fields
of science and technology relating to aerospace for the following purposes:

- Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community;

- Providing scientific and technical advice and assistance to the Military Committee in the field of aerospace research and
development (with particular regard to its military application);

- Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;

- Improving the co-operation among member nations in aerospace research and development;

- Exchange of scient;fic and technical intormation;

- Providing assistance to member nations for the purpose of increasing their scientific and technical potential:

- Rendering scientific and technical assistance, as requested. to other NATO bodies and to member nations in connection
with research and development problems in the aerospace field

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior representatives
from each member nation. The mission of AGARD is carried out through the Panels which are composed of experts appointed
by the National Delegates, the C onsultant and Exchange Programme and the Aerospace Applications Studies Programme. The
results of AGARD work are rported to the member nations and the NATO Authorities through the AGARD series of
publications of which this is one.

Participation in AGARD activitie-; is by invitation only and is normally limited to citizens of the NATO nations.

4

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

4

Published February 1994

Copyright C AGARD 1994
All Rights Reserved

ISBN 92-835-0735-5

Printed by Specialised Printing Services Limited
40 Chigwell Lane, Loughton. Essex 1(1037TZ



Preface

The combination of stiffness, strength and high temperature resistance provided by fibre reinforced titanium matrix composites
offers major benefits for aircraft engine and airframe applications, where these materials could be used to reduce weight or
improve performance. In this regard, they are important to AGARD for the increased mission capability they offer for future
aircraft systems and they are of particular interest to the Structures and Materials Panel, which is in a position to address some of
the technical issues that may otherwise delay serious consideration of the materials by potential users.

At its 77th Meeting in the fall of 1993, the Structures and Materials Panel held a workshop on the subject of characterisation of
titanium composites. This is a major aspect of these materials that must be addressed if they arc to be,-or'e accepted for use, and
the workshop was intended to provide a forum for the exchange of information in this important area. Characterisation in this
case refers to the understanding of the behaviour of the composites as it relates to the ability to predict their performance in real-
life applications. It covers various topics that include mechanical test techniques, NDE methods, life prediction models and
other factors that will affect the level of confidence with which these relatively new materials will K? %ccepted for app!ic"n",
these are all issues where a coordinated approach to testing and a mutual agreement regarding data interpretation would
enhance the possibility of their use by the AGARD community.

In a sense, with metal matrix composites in general, and titanium matrix composites in particular. we are following the same
course that has been taken by the polymer matrix composites community in the past in bringing composite materials from
research to application. Polymer matrix composites are now widely used in aerospace but the path to this acceptance was not
straightforward, involving a long time period and a very large financial investment - an investment applying not only to the
development and scale-up phases but also to the characterisation and component demonstration activities.

With titanium composites. we are presently at a stage where matrix alloys, reinforcing fibres and composite consolidation
processes are available for the fabrication of structural components. Several countries are involved in the development of
manufacturing processes for titanium composites, and in some cases facilities already exist for the production of large-scale
products suitable for use on airframes or in engines. At this point, their future acceptance will depend on several other factors.
Apart from cost - a significant issue in its own right, but one that must be addressed in other ways - these include the
establishment of suitable test methods for determining properties. the understanding of the relationship of these properties to
component behaviour, and the development of methods for assessing product integrity from a design confidence point of view.

Accordingly, through presentations and discussion, the workshop addressed the questions of what the designer needs to know
about the behaviour of titanium composites, what measurements and test methods are available and in use, what materials
modelling techniques are applicable, how do modelling predictions relate to component behaviour, and what further tests and
analysis procedures need to be developed. We hope that the publishing of the workshop papers will act as a catalyst for further
work on these unique materials, eventually leading to their wider acceptance in aerospace applications.

Dr T.M.F Ronald
Sub-Committee Chairman
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Pre'face

Les qualit~s combin~es dle rigidit6, de resistance m~canique et thermique pr~sentdes par les mat~riaux composites a matrice de
titane renforcEe par fibres de carbone offrent des avantages importants pour les applications cellule et moteur, ob 1'emploi de ces
mat~riaux autoriserait a [a fois une diminution de masse et des performances am~liorees.

A cet egard ces applications sont importantes pour IAGARD, car elles permettent d'augmenter les capacites operationnelles
des futurs syst~mes aeriens et, en mime temps, elles representent un int~rkt particulier pour le Panel des Structures et
Mat~riaux, qui est parfaitement en mesure d'examiner certaines questions techniques dont la solution Ikvera les obstacles et
devrait permettre une meilleure prise en compte de ces materiaux par des utilisateurs; potentiels.

Lors de sa 77ýme Session en automne 1993, le Panel AGARD des Structures et Mlat~riaux a organise un atelier sur ]a
caractwrisation des materiaux composites a base de titane. II s'agit d'un aspect tr-6 important qui doit ýtre 6tudie pour permettre
['adoption de ces mat~riaux. L'atelier devait servir de forum pour un 6change d'informations sur ce sujet important. Dans ce cas.
[a caracterisation se ref~re A l'analyse du comportement des mat~riaux composites, et, plus preismemen, a la capacite dle prevoir
leurs performances dlans des applications r~elles. II traitat de diff~rents sujets, y compris les techniques des essais mecaniques.
les methodes d'evaluation non destructives NDE, les mod~les de prevision des cyck, d, vie et d'autres facteurs qui
influenceront le climat de confiance necessaire a I'acceptation de ces mat~riaux relativement nouveaux pour des applications
indlustrtefles. Autant de questions o6 une approche coordonnee vis A vis des essais. alli~e ii un accord mutuel sur ['analyse des
donn~es servirait ii promouvoir leur adoption par la communaut6 AGARD.

D'une certaine faqon, en ce qui concerne les mat~riaux composites ii matrice m~tallique en general et les composites it matrice dle
titane en particulier, nous suivons la m~me voie que celle qui a 6t adopt~e dans le passe par la commuflaute des mat~riaux
composites it matrice de polymeres: faire passer les materiaux composites du domaine dle la recherche at celui des applications.
Aujourd'hui, l'utilisation des composites a matrices de polymires est tres repandue dans le domaine aerospatial. mais le chemnin
qui a mene ii cette adoption n'a pas 6t sans detours, car il a entraine des d~lais tres longs et un investissement financier
considerable - un investissement qui s'applique non seulement aux phases de d~veloppement et de mise a l'echelle. mais aussi
aux activites de caracterisation et de demonstration des composants.

Dans le cas des materiaux composites a matrice de titane, nous sommes actuellement au point ou les matrices m~talliques, les
matrices h fibres renforcees et des procedes de consolidation des materiaux composites sont disponibles pour la fabrication de
composants structuraux. A l'eure actuelle, certains pays diveloppent des procodis dle fabrication de mat~riaux composites au
titane, et dlans certains cas, oii des installations existent d~ji pour la production en s~rie de composants aeronautiques de cellule
ou de moteur. Aujourd'hui, leur adoption future depend d'un certain nombre d'autres facteurs. La question du co~it mise ii part
- bien qu'elle ait sa propre importance et qu'il faudrait peut-6tre aborder d'une autre faqon - ces facteurs; concernent
l'etablissement de methodes d'essais convenables pour la determination des caract~ristiques, Ianalyse du rapport entre ces
caract~ristiques et le comportement des composants, ainsi que l*elaboration de methodes pour [e6valuation de l'integritii du
produit du point de vue du niveau dle confiance structural.

Ainsi, par le bials de prisentations et de discussions, l'atelier a pu aborder les questions suivantes: que doit savoir le concepteur
sur le comportement des materiaux composites? Quelles sont les m~thodes d'essais et de contr6le qui sont employees'? Quelles
sont les techniques de mod~lisation de mat~riaux applicables? Quel est le rapport entre les previsions issues de la mod~lisation
et le comportement des composants? Et quelles sont les procedures d'essais et d'analyses qui restent ii d~velopper.

Nous esp~rons que [a publication des communications presentees it l'atelier servira de catalyseur pour de futurs travaux sur ces
materiaux singuliers, amenant atnsi une plus large adoption pour des applications a~rospatiales.

Dr T.M. Ronald
President du sous-comite
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TECHNICAL EVALUATION REPORT

James G. R. Hansen
Engineering Technology Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37831 USA 4
I. SUMMARY as 4 ft by 8 ft panels were presented (Paper 3). British
This paper presents a technical evaluation of the Petroleum presented their method of producing large
Workshop on "Characterisation of Fibre Reinforced TMC sheets (Paper 7). The method maintains excellent
Titanium Matrix Composites" held at the 77th meeting of fibre spacing and alignment by filament winding fibres
the AGARD Structures and Materials Panel on September and then including titanium matrix powder in the polymer
27-28 in Bordeaux, France. binder. Fibre layers and titanium foil layers are then

alternated. The fibres arc constrained by the powder
2. INTRODUCTION during HIPing so they do not migrate.
Fibre reinforced titanium matrix composites (TMC) offer
major benefits for aircraft engine and airframe Engine materials must be produced with extreme care.
applications, where the combination of stiffness, strength When fabricating discs, essentially no fibres wound in the
and high temperature resistance provided by these hoop direction may touch one another. One method to
materials can be used to reduce weight and improve attain this level of quality is to coat individual fibres with
performance. While their development has matured to titanium matrix material and then use the composite wires
the point that they are available in various product forms, to shape a part which is subsequently HIPed. This
their widespread acceptance will depend on several method is applicable to titanium aluminide matrices,
factors, the primary one being cost. Other factors which are difficult to process to foil. Deposition rates
include establishment of suitable test methods for reported via physical vapour deposition include 60 um/hr
determining properties, understanding the relationship of by DLR for magnetron sputtering and 90 1m/hr by AEA
these properties to composite behavior and development Harwell for their Sputter Ion Plate process (Papers 5 &
of methods for assessing product integrity from a design 8). In addition DRA Farnborough is developing a high
confidence point of view. These issues involve a strong rate process using electron beam evaporation and vapour
emphasis on life prediction methodology. The goal of deposition. Materials produced from composite wires
this AGARD workshop was to provide a forum for exhibit uniform fibre spacing, even at a volume fraction
discussions and information exchange in the areas of test of 57%!
requirements and techniques that might help the eventual
acceptance of TMC in aerospace applications. It TMCs are an enabling technology for hypersonic
addressed the questions of what the designer needs to airframes and future generation turbine engines. The
know about the behavior of TMC, what measurement and high specific stiffness, specific strength and
test methods are available and in use, how results are environmental resistance at high temperature attainable
related to materials modeling and component behavior, with TMCs are necessary if the NASP airframe is to
and what test and analysis techniques need to be have the required low mass fraction. Airframe laminates
dev,1o,'•,e miist -- "port hiaxial loading, so they tend to be balanced

and in many cases are quasi-isotropic.
3. CONTENT OF PRESENTATIONS

The consensus opinion was that the primary near term
3.1 Materials, Processing, Manufacturing and application of TMCs is in advanced turbine engines.
Applications TMCs provide the flexibility to design a new class of
Data on numerous TMC material systems was presented compact engines with dramatically increased thrust to
during the wcrkqhop. Primary TMC coated reinforcing weight ratios. Spinning parts require greatest strength in
fibres discussed were SCS-6 an( SCS-9 produced by the hoop direction, so unidirectional laminates are
Textron Specialty Materials and SM1140+ and SM1240 Px..sible w%-h fihres wound circuimfe,'entiallv. iimiimznp the
produced by British Petroleum Metal Composites tremendously high unidirectional properties oi IMCs.
Limited. TMC matrices included titanium (Ti-15-3, Engine discs now using materials at 550'C (titanium
Ti-6-4 and TIMETAL*21S) and titanium aluminide (x, alloys) and 650'C (superalloys) can be replaced with
and high niobium content x0. 650'C (titanium alloy matrix composite) and 800'C

(titanium aluminide composite) capable material.
Numerous processing methods were nresented. The Estimated improvements include a 607, weight reduction
primary method to produce airframe or the U.S. in the combustor and a 130'C gas temperature increase.
National Aero-Space Plane (NASP) ha.. .,,:n the HIPing Compressor rotors can be designed to eliminate the heavy
of foil-fibre-foil materials (Paper 2). In order to bore section required today for discs, reducing volume
maintain fibre spacing, crossweave has been and allowing the compressor to be significantly reduced
incorporated. McDonnell Douglas Corporation in size.
demonstrated both detailed processing steps and details of
tooling and stacking sequences used to fabricate NASP 3.2 Characterisation and Testing
parts. Details of the NASP TMC Factory installed at Reactivity studies quantified interaction between fibre and
Textron for production of NASP airframe parts as large matrix. An interesting result: a high niobium content

Technical Evaluation Repor, on Structures and Maternals Panel Meeting on '(haracterisation of Fibre Reinforced Titanumt
Matnix (ornpo.sitesý September 199.



1-2

titanium aluminlde (Ti-14A-1-9Nb) 1MC sustained an Specimens are straight sided for eleated temperature
order of magnitude longer hold time at temperature testing [he machine incorporates a horizontal load ati,,
before the fibre coating was consumed (Paper th. The tI mininmi/e convectie cooling and csetcnsomeir\ thorL..s
result was linked to the decrease of reactivity and on the specimen Wright lIaboratorN has had cxcellent
diffusion when the aluminum content of the alloy is results testing TM(\ with this test ma•chine I n contplicaited
increased. load scenarios, including low cclc (iat Lue .kit h

conmpression. IhermotInchanIcal tait Iue g nd
A fundamental issue in material declopment is thermornechanical crack !rowt Ih . Because -uropean
understanding the link between macromechanicat and specimens have tailed in grips duruini ftatigue testiIC'.,
micromechanical behavior. Shear stresses from researchers hase conducted (mitle element sludies and
:ragmentation and push-out tests were compared used laser moire interlcronicir to predict stress
computationall, to increase micromechanical concentrations ,a tabs iPapers, 20 & 221 iE[planall.ns
understanding (Paper 9). This knowledge demonstrates (or these undesirable failures include the facts that a)
significant potential for optimising interface behavior and composites made s\ith tihe relati,,cl% small diamteter
for predicting macromechanical behavior, i.e. strength. SM 1240) fibre are thinner. thus making misalihgnent
thermal fatigue and bridged crack growth. more important, and h) th-.. cotmposic tested vXas of high

quality without detects, so tile stress coii.centraitlon at (1le
An outstanding review was presented summarizing tretds grips was more hkel\ to intitate taiturc
in mechanical property data developed since 1990) in
support of the NASP program (Paper I). Data \Nas An ASTM Subcommittee D)30 07 round rolin iI I %(
plotted in several interesting formats. TMC properties tensile and isothermal tantoue testitg at mtoo and
(specific strength. specific modulus, failure strain, elevated temperature has been conducted b, six IS
specific rupture stress, specific fatigue stress range and laboratories (Paper 21i I-or static tests there s- as o,
fatigue crack growth rate) for a number of materials and statistical lab-to lab variabilhiy reported and no statistical
laminates were plotted versus temperature and compared difference bctwccn data from dogbone and straight
versus high temperature capability monolithic metals. It specimens. itowes.er. there \.as lab to lab statistial
was noted that at high temperatures monolithic metals variabilitt in fatigue tests. Ah,,itch i,, currenily beingv
compare favorably with all but unidirectional TMC examined.
laminates. TMC and monolithic metal mechanical
properties were also plotted versus percent 101 plies. 3.3 I.ife Prediction
illustrating excellent properties of untitrectional two presentations pointed out the need (or inipros encints
laminates. Balanced laminates are less effectiie in fatigue response of TM('s (onisiderntkg the high
Strength of quasi-isotropic TMC was shown to be tensile strength of TM(, the increase in fatligue lite ot
inferior to monolithic metals over the temperature range the composite over unreintorced titanium is disappointitg
from room temperature to 8(X)C. (Paper 8i At liow stress and a large numiber Otf xc es,.

performance is lust equal to that oit unrcitithOced-I Mnatrix
NASP data was from airframe materials which need not ndatrial. In addition, after a tewk cycles ait a fairly low
maintain the same degree of precise manufactut inc as stress level at 65(C. the elastic modulus of a quasi
engine materials. Model TMC engine material, adhering isotropic laminate drops b\ 25 "; i Paper II
to stringent fibre s1N,.ing requirements. demonstrates
excellent transverse properties. Unidirectional TMC There was disagreement as to w, hethcr sustained load te"s
produced by British Petroleum %,fith a Ti-6-4 matrix should be termed creep. Nonetheles,. unn' sustained
attained a transverse failure strain of 1'); - 3 ',?, iand a load at elevated temperature, tiatrix stress relaxes and
longitudinal fibre strain of .98¶7t). depending on fibre load is shed to the fibres If the fibres become
volume fraction (Paper 7). Properties were attributed to overloaded, they fail and subsequcntly\ the composite (ails
excellent fibre spacing. ( Paper 14). In this situation eXtensive danlame is evident

iiroughout the test specimen, not lust locahied to the
Nondestructive evaluation (N DE) methods were presented material near the fracture surface
for micro-property evaluation and global NDE
(Paper 13). During TMC development, micro-property Understanding crack growth in T.Ms is the first step in
evaluation demonstrated on single fibre model systems developing htfing procedures based on damage tolerance.
was shown te be useful in assessing consolidation, matrix An extensive study of crack growth ait room temperature
micros;ructure, fibre fragmentation, and interface indicates that it mnay be possible ti develop crack arrest
oxidation damage. A global NDE method utilized maps to predict behavior of dominant cracks that form in
ultra.ound to corrciate NDE data with tensile and fatigue iMCs (%ia.'cr 1,) F:2 ,tuire of fibres s controlled
properties. A damage parameter v.as developed for use primarily by :hc level of K .,. applied after fibrcs have
in screening [MC for initial manufacturing flaws and for been breached by a matrix crack, and the extent of fibre
quantifying in-service damage. This research is in its failure determines :ompositc integrity. It is interesting to
initial stages of development, but shows great promise. note thamt TIMETAI."2lS has a higher K.,., than other

titanium alloys tested. Rot,,, 'temperature crack growth
The philosophy behind a test machine designed has been measured on large (406 mm x hi3.5 innti center
specifically for testing low ductility TMCs and CMCs cracked coupons (Paper 15) The work is intended to
was presented (Paper 12). Since test material is determine whether results from testing small coupons
expensive, the test machine was designed to scale directly to larger coupons representati,e of airframe
accommodate minimum size test specimens (100rmm structure. If scale effects are to be deciphered, this work
long). Grip alignment is maintained to high tolerance must be closely coordinated with persons testing material
throughout loading. Grips need no tabs if dogbone coupons.
specimens are used at room temperature to maintain
failure away from the stress concentration of the grips.



3.4 IDesigii Needs average room temperature tensile test data. These
A pre~irntation discussing TMC modeling required for successful test programs lead uts to the conclusion that
d' sign was helpful in putting modeling efforts presented application of TMC could be vern near it cost canl be
at the meeting in perspective (Paper 23). TMC modeling reduced.
is made difficult by complicated behavior including the
presence of thermal residual stresses~, pla-stic flowk and 3.5 Additional Note
%iscoplastic behavior. anisotropic yielding, nonlinear AGARD welcomed first time participation by Russia

stress strain behavior, a difference in tensile and (Paper 6) at a Structures and Materials Panel ,%orkshop
coimpressive behavior, and the influence of temperature The presentation highlighted material properties oft
on properties. The Importance of proper material Russian TMC made by the toil -fibre- toil technique at the
modeling during structural design was demonstrated by 'Il-Russian Institute of Aviation Materials,
failure of a large TMC Wing Torque Box at design limit
load and room temperature (Paper 2). A factor 4. CONCLUSIONS
contr-ibuting to the premature failure was the lack lf- 1I Engine application of' TkM(' wifll proahblý precede
finite element models to account for the difference in airframe application Application of TMsis of
static, nonlinear tensile and compressive behas ior of strategic importance to engine manufacturers, because
TMC. oif the increased performance and fuel econorni

achievable through TM( application International
Both Microscopic and macroscopic models are needed for economic competition will drive their Use A
design and behavior understanding. A micromechanical promising applicatioin is Iin engine discs. ho\weser. it
model was presented which utilized a complex unified is possible that the first engine application w&ill be bor
constitutive theory with mansy internal states tarables (and low temperature, stiffness critical Parts, exploiting the
material constants) to model the viscoplastic behavior of high modulus of''TMC.
unit cells incorporating f-ibre and matrix elements 2. Co,;t w,,!! determine how soon, TM~s \kill be utilied
I Paper 171 The model is able to represent strain rate in aerospace application,; Automated inaterial

effects. Macroscopic models will be the primary tool for poesn snee odictecs o~.adn
analyting TMC structural designs The VISCOOLY code Processes %ksith sufficient automatitoni ire is ailahle
Incorporates the simple vanishing fibre diameter today Engine parts. arc relatis cix'small as comlpareid
micromechanics model in a macromechanics lamniate to airframe parts. iiiiprovinmu prospects for thecir
code i(Paper 19) The s iscoplastic model uitilized in automated processing A\ numtber of promising
VISCOPI.Y cantures monolithic and composite response approach-es are currenil\ being pursuied ito produce
\%ith )Lst twko 'parameters at each temperature Fibre discs %&till "igh titatcrtal qual it\ ( no ionsdiinwc tibres
matrix interface failure Is niodelcd by reducing the fbe and reprod,,cible: properties) T~he ioal of a ploptixest
modulus in the micromechanics model by a factor of ten. ARPA protect is ito redueC mnaterial costs, for encvine
Excellent correlation wkas achieved betwkeen predicted components toI ¶5(K lb. onls achics able " itli a liizilgh
Composite stress strain plots and experimental data for a autonlated process
thermnomechanical fatigue loading representative of at I Inadequate niaterial rcprosfucibthii\ Ilax, beetn a
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modeled, possibly by utilizing the stress intensity
facto: range due to bridging, AK,,,. Novel designs
offer potential to utilize benign, nonpropagating,
bridged cracks.

9. Designers must radically alter their designs and
modify their methods to successtully incorporate
TMC.

5. RECOMNIENDATIONS
I. This AGARD workshop should be repcatcd about four

years henLe. At that time it might be desirable to
combine TMCs .,nd ceramic matrix composites into
one meeting on .Jvanced high temperature
composites.

2. AGARD members should continue to meet in
i;ppropriate forums to discuss test standards and
conduct test method round robins. Since AGARD
countries are already participating in VAMAS
Technical Work Area 15 on Metal Matrix
Composites, w, hich plans to include a round robin on
IMC. there is no need to conduct a separate AGARD
TMc round robin. Contact Steve Johnson at NASA
Langley Research ('enter or Neil McCarmev at the
National Physical Laboratory for VAMAS details.
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1. SUMMARY needed for aircraft structures. Ultimately, the viability
High-temperature, light-weight materials represent of TMC'% will be measured in terms of the balance
enabling technology in the continued evolution of between specific structural needs and application
high-performance aerospace vehicles and propulsion requirements versus cost and reliability issues.
systems being pursued by the U.S. Air Force. In this
regard, titanium matrix composites (TMC's) appear to Within the U.S. Air Force, the Integrated High
offer unique advantages in terms of a variety of weight- Performance 1 urbine Engine Technology (IHPTET)
specific properties at high temperatures. However, a initiative is the primary force driving the introduction
key requirement for eventual structural use of these of TMC's in turbine engine components. This
materials is a balance of mechanical properties that initiative, which is funded cooperatively by the U.S. Air
can be suitably exploited by aircraft and engine Force, Army, Navy, National Aeronautics and Space
designers without compromising reliability. An Administration (NASA), and Advanced Research
overview of the current capability of titanium matrix Projects Agency (ARPA), involves research and
composites is presented, with an effort to assess the development by seven major aerospace companies
balance of properties offered by this class of materials, and a variety of Government research organizations.
Emphasis is given to life-limiting cyclic and monotonic The objective of the program is to double turbine
properties and the roles of high-temperature, time- engine propulsion capability through an integrated
dependent deform.tion and environmental effects, approach in which advanced materials enable
An attempt is made to assess the limitations of innovative structural designs and improved
currently available titanium matrix composites with aerothermodynamics to achieve higher thrust-to-
respect to application needs and to suggest avenues weight ratios and lower specific fuel consumption.
for improvements in key properties. Although the major payoff comes from rotating

components such as structural rings, a variety of
2. INTRODUCTION rotating and static components are being considered,
Titanium matrix composites 11,2,31, continuously including turbine engine blades, vanes, stators,
reinforced with silicon carbide (SiC) fibers, are being actuators, struts, and nozzles. Most of these
seriously considered as enabling structural materials applications permit the use of unidirectional
in advanced aerospace applications such as high composite construction.
performance turbine engines 14,51 and hypervelocity
vehicles 161. Recognizing that the structural limits of Another force behind the development of TMC's is
more conventional aerospace materials have largely generic hypersonic vehicle technology. Technically
been reached, aircraft and engine designers have defined as achieving speeds of Mach 5 and greater,
turned to TMC's as a potential avenue to significantly hypervelocity flight requires new high-temperature
increase performance-to-weight capability. In materials with improved weight-specific properties. In
comparison to currently available aerospace titanium addition to structural beams, a hypervelocity vehicle
and nickel-base alloys, on a density corrected basis, will require large areas of structurally-stiffened,
titanium matrix composites appear to offer important composite panels that will experience biaxial loading.
advantages in terms of specific strength and stiffness. In these applications composite laminates of various
Moreover, by selective construction of the composite, architectures are anticipated.
it appears possible to improve temperature-
dependent properties and resistance to crack growth. Ultimately, the use of TMC's in structural applications
The utility of this material system, however, may be will depend on a number of factors that include: life-
dictated by its applicability to the variety of product cycle cost, producibility, a range of mechanical
forms needed by the aerospace industry- for example, properties, and reliability and maintainability in
nominally unidirectional composite ..ig', and rods to service. To qualify a new material for use in a critical
be used in engines and laminated p!aies and beams structural component, a comprehensive testing and
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analysis program must be conducted, and this can GPa, and the measured tensile strength of the fiber
only be justified if the payoff for using the material is was 4200 MPa at room temperature and 3620 MPa at
substantial. TMC's, for example, must demonstrate 650*C (71.
mechanical properties that exceed, at least in key
areas, the capability of less-costly monolithic 3.2 SCS-6/Ti-24AI-11Nb
materials. Coupled with this requirement are the The SCS-6/Ti-24Al-11Nb composite panels, which were
needs for high reliability in extended use and the nominally 150 mm by 150 mm and 8 plies in thickness,
ability to predict component life accurately. were fabricated at Textron Materials and

Manufacturing Technology Center by hot isostatic
The objectives of this paper are to Žxami. o the state of pressing alternating layers of woven fiber mat and
development of titanium alloy matrix composites and matrix foil. Composite architectures of i018, 10/9012s,
explore the prospects for application of this class of 0/±45/90s (quasi-isotropic) were produced, and
materials for a variety of high temperature aerospace micrographs of the 101g material are presented in Fig. 1.
structural applications. The approach will involve The material contained a nominal fiber volume
comparing and contrasting, on a density corrected fraction of 0.35, and the equiaxed microstructure of the
basis, first- and second-ge leration TMC's with more matrix alloy (Ti-24A1-l 1 Nb, atomic percent) contained
traditional aerospace alloys: monolithic titanium and approximately 90 percent continuous a 2 phase
nickel-base alloys. Emphasis will be placed -n (ordered DO 19 structure) surrounding small islands of
considering the balance of properties needed for long- disordered 0 phase 1151. At the fiber-matrix interface, a
term structural use under realistic combinations of thin reaction zone is present, and within 5 to 10 gim of
cyclic and sustained load in a high-temperature the fiber, the composite matrix is single-phase (12 The
oxidizing environment. An attempt will be made to development of the microstructure was dictated by the
relate material properties and the underlying
microstructural mechanisms that control useful life HIP consolidation, which was performed below the
and to outline possible avenues for future transus, followed by a slow cool to room temperature.
improvements of this class of materials. General discussion of foil-fiber-foil composite

fabrication may be found in (16,171.

3. MATERIALS
The information to be presented comes from a variety 3.3 SCS-6/TIMETALk21S
of sources. In each case, a primary consideration was Metastable beta titanium alloys have received
the availability of an extensive range of mechanical attention as matrix materials for continuous fiber
property data that c ,uld be used in a broad-based composites, because they overcome the problems of
comparison of material capability. Results on the first- low ambient-temperature ductility and processing
generation titanium aluminide composite, SCS-6/Ti- difficulties inherent to titanium aluminides such as Ti-
24A1-llNb, are from .i U.S. Air Force contract with 24Al-llNb. (See [181 for a review of the physical
Allison Gas Turbine Division of General Motors, metallurgy of metastable beta alloys.) However, a
reported by Gambone [7,81, as well as from efforts by considerable tradeoff in elevated temperature
the author, and our colleagues on identical material mechanical properties and, to a lesser extent,
produced under the contract. Data on the second- oxidation resistance is required for the substitution of
generation TMC, SCS-6/TIMETAL®21S, are from beta alloys for aluminides in TMC's. A new metastable
recent work of the authors and our Air Force beta alloy developed by TIMET, designated as
colleagues. The capability of the composite materials, TIMETAL®21S (Ti-15Mo-2.7Nb-3AI-0.2Si, weight
and their monolithic matrix alloys, will be compared percent), offers superior oxidation resistance to the Ti-
with a variety of monolithic materials: the nickel-base 15V-3Cr-3AI-3Sn metastable beta alloy that has been
superalloy IN100 19,101, which is us,•d in turbine disks, used previously for TMC's, while maintaining the strip
the high temperature titanium alloy Ti-I100111,12,131, formability required for composite fabricat;on.
and a relatively new titanium aluminide alloy [141. All Oxidation of TIMETAL®21S at 815'C has been
the property comparisons are for tests conducted in reported to be only 3-4 times greater (by weigh gain)
air. The data are presented on a density-corrected than representative alpha-two and gamma titanium
basis because of the anticipated use of the material in aluminides, and is attributed to the presence of Mo as
turbine engine and airciaft applications, where the primary beta phase stabilizer. The retention of
benefits in weight-specific properties are crucial. room temperature ductility, characteristic of beta

alloys, facilitates the abrication of composites by the
3.1 SCS-6 Fiber foil-fiber-foil method. A representative cross section of
Both of the composites to be discussed contained the a 1014 composite is shown in Fig. 2. The volume fraction
silicon carbide fiber SCS-6, manufactured by Textron of the 1014,10/901s, and l0/±45/90l1. laminates tested was
Specialty Materials Division. The fiber, which is nominally 0.35, although variations in actual volume
produced by chemical vapor deposition on a carbon fraction in this material of ±0.03 existed on a panel-to-

monofilament core, is P-phase SiC having a radially panel basis.

columnar grain structure and a double-pass, carbon- Substantial strengthening in this alloy can be
rich outer coating, which is added to control reactions Sucednby stiongheat tre this and bewith titanium alloy matrices and to prevent fiber produced by solution heat treatment and subsequent
damage during normal handling. The fiber has a aging to form a fine distribution of alpha in a betadaaedrignralhnlng h ibrhsa matrix. The elevated temperature strength of
nominal diameter of 142 pim. The room temperature T he elevated eratureb strength of
elastic modulus of the fiber was approximately 385 TIMETAL®21S is considerably better than other
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metastable beta-alloys but certainly not equivalent to Calculated
the aluminides at the highest anticipated use Material Density Density:
temperature of 815*C. The standard as-heat-treated (Mg/m 3 ) SCS-
microstructure for SCS-6/T1METAL®21S composites 6/Matrix
is shown in Fig. 2. Here the SiC fiber, the two fiber (Vf = 0.35)
coating layers, and the reaction zone resulting from SCS-6 fiber 3.045
consolidation are visible. The small reaction zone Ti-24AI-IINb 4.67 4.101
indicates good matrix fiber compatibility, as has been TIMETALS21S 4.931 4.271
borne out by numerous thermal exposure studies. In
this example, aging was carried out for 8 hours at 620*C T
to produce a fine, uniform intragranular distribution of Ti-24Al-17Nb-lMo 4.93

acicular alpha precipitates in a beta matrix. Aging at _ _ _ _ _ 7.868
this temperature has been shown to preclude the Ti-6AI-2Sn-4Zr-2Mo 4.544 _ J
formation of omega phase during thermal exposures
at lower temperatures. The alpha precipitate Table I - Fiber, alloy, and composite densities used in
morphology shown in Fig. 2 is stable for extended calculating weight-specific properties.
times at the aging temperature or a, lower
temperatures. However, exposure to higher times the strength of the fiberless matrix alloy,
temperatures and the influence of oxygen pickup can althoug'- the strength of this material in the 19014
result in considerable changes in the as-heat-treated orientation is approximately half the value of the
microstructure, as is detailed in a later section. matrix alone. The laminates exhibit strengths that are

roughly proportional to the 10! fiber content. The
4. MECHANICAL PROPERTIES strength of the matrix alloy and the various laminatesThe discussion to follow attempts to present an decreases only slightly with temperaturc. A similar
objective comparison of a range of mechanical plot of SCS-6/TIMETAL®2IS laminates is shown in
properties available from the "best" well-characterized Fig. 4. Here, the trends in laminate strength are
material in each of the various classes of advanced similar to those for Ti-24A1-llNb composite, but the
aerospace materials. In the monolithic aL2 class, the effect of the much higher strength of the
recently developed Ti-24A1-17Nb-lMo was identified TIMETAL®21S matrix alloy at low temperatures is
as having the "best" balance of mechanical properties. evident. As shown, the matrix alloy is significantly
However, Ti-24A1-l1Nb was also included in some stronger than the 10/± 45 / 90 1s composite at room
cases where Ti-24Al-17Nb-lMo data were unavailable, temperature, but the strengths of the two materials
For convenience the following discussion %sill use the cross at 5001C, and the composite has superior
term Tw alloy to refer collectively to Ti-24A1-17Nb-lMo strength at the higher temperatures. For purposes of
and Ti-24A1-llNb. The terms a2 composite and P comparison, the data of Figs. 3 and 4 are presented
composite will be used to represent SCS-6/Ti-24AI- collectively in Fig. 5. Although the TIMETAL®21S
1lNb and SCS-6/TIMETAL®21S, respectively, composite laminates are significantly stronger at room

temperature than all of the equivalent Ti-24A1-IlNb
Since titanium matrix composites are expected to laminates, the significant reduction in strength of the
serve as potential replacements for existing aerospace TIMETAL®21S matrix at elevated temperature results
alloys, state-of-the-art high temperature materials in approximately equal strengths for SCS-6/Ti-24AI-
were selected as a basis for comparison. The high- 1lNb and SCS-6/TIMETAL®21S composites above
temperature turbine engine disk alloy selected was 650*C. Strengths of the matrix alloys cross at 600*C.
IN100 (PWA specification 1074), an isothermally
forged, nickel-base, powder metallurgy alloy produced Because the SCS-6/TIMETAL®21S laminates have
by Pratt & Whitney Aircraft and used in turbine disks superior strengths to equivalent SCS-6/Ti-24AI-1 I Nb
in the F100 engine 19,191. The other primary material of material, and for clarity of presentation, the following
comparison was the high-temperature titanium alloy two figures omit the latter material. Figure 6 presents
Ti-1100 produced by TIMET, Inc. 111-13). The data data of specific strength of the SCS-6/TIMETAL®21S
from the monolithic materials are represented by laminates compared with the yield strengths of the
mean trend lines; no attempt has been made to use various monolithic aerospace alloys. The yield
statistical design allowable lower-bound data, since strengths of most of the laminate:, were undefined,
equivalent data were not available for the composites. since these specimens failed before achieving 0.2
In all cases the data are presented on a density- percent plastic strain. On this basis the three
corrected (weight-specific) basis using the densities monolithic alloys fall in a narrow band well below the
listed in Table 1. [014 composite, while the 10/901s material exceeds the

strength of the monolithic alloys at temperatures less
4.1 Tensile Behavior than approximately 650*C. The quasi-isotropic
Figure 3 presents data of density-corrected (specific) material exhibits strengths comparable to the
ultimate strength of four SCS-6/Ti-24AI-I1Nb monolithic alloys up to approximately 500°C.
composite laminates and the fiberless matrix alloy.
The data are mildly temperature dependent and A similar plot of specific ultimate strength of all the
illustrate the range of properties offered by various materials is presented in Fig. 7. On this basis, Ti-24A1-
composite architectures of this materials system. The 17AI-lMo and INIOO display similar behavior, with
1014 composite exhibits a strength approximately three specific strength approaching the [0/901s laminate up
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to about 500*C. The ,uasi-iotropic material strength composite orientations exhibit the best and the worst
is inferior to all three muo'nlichic materials over the full capability of this material, respectively, and the
range of temperature. t,' a!l materials, the associated 10/ 9 01s and [0/± 4 5 / 9 01s laminates data fall
unidirectional composite con+..,, q to ex.hibit by far in the intermediate range. The available data 1201
the highest and lowest strength in the f0• and[90]4  indicate that the SCS-6/TIMETAL®21S composite
orientations, respectively, significantly outperforms the a 2 composite in all but

the [901 orientation. The IN100, Ti-24A-l-7Nb-IMo,
As shown in the preceding figures, the ultimate and Ti-100 monolithic alloys are obviously
strengths of both SCS-6/Ti-24AI-11Nb and SCS- competitive with the SCS-6/Ti-24Al-hlNb cross-ply
6/TIMETAL®21S are strongly dependent on laminate laminates, but the TIMETAL®21S composite has
architecture. This effect is more easily visualized by significantly more attractive properties. For clarity,
plotting the strength against a geometric parameter, Fig. 12b re-plots these results, omitting the SCS-6/Ti-
such as the volume fraction of 101 fibers in the 24A1-11Nb data. The P composite laminates exhibit

laminate, as illustrated in Figs. 8a and 8b for the P and good creep resistance, particularly considering the

a 2 composites, respectively, for a variety of extremely limited creep capability of the monolithic
temperatures. With the possible exception of the matrix alloy.
quasi-isotropic laminate, the ultimate strengths are
proportional to the volume fraction of 101 fibers. The As shown in Fig. 13, the creep capability of the various
low strength of the [901 material reflects the very weak laminates is proportional to the volume fraction of [01
fiber/matrix bond that exists in these composites, plies. The [01 plies are primarily responsible for the
combined with the effect of matrix strength. measured creep resistance, while the [901 and [±451
Considering the values of the data for the [0/± 4 5 / 90 ], plies contribute very little to creep resistance. The
laminates, it appears that the contribution of the 1±451 creep rupture capability of the [901 oriented specimens
plies is only slightly greater than for [90) plies, and the is controlled by the creep resistance of the matrix alloy,
benefit of the [±451 plies appears to be reduced as which is substantially better for Ti-24A1-1 1 Nb than
temperature increases. TIMETAL®21S. It is speculated that the difference in

slope between the two composite systems is due to the
Figure 9 presents data of tensile ductility measured as presence of a Mo crossweave that was used in weaving
percent elongation for the composites and the various the fiber mat in the Ti-24A]-11Nb composite. As will be
monolithic materials. All of the laminates exhibit discussed, this crossweave oxidized readily, leading to
failure strains that are much less than the more early cracking and penetration of the atmosphere to
conventional materials, although Ti-24Al-l7Nb-lMo the fiber-matrix interface region and resulting
approaches the composite ductility at low and high degradation of the fibers.
temperature. It should be noted, however, that the
plotted failure strain represents total strain at failure 4.3 Fatigue
for the composites and plastic elongation for the Assessing the fatigue capabilities of a variety of
monolithic materials. The low strains at failure for the materials is an involved process, considering the wide
composites containing [01 plies are dictated by the range of potential usage and test conditions. For
behavior of the SiC fiber, which fails at a total strain of comparison purposes, data are presented for tests
approximately one percent. performed at 650*C and stress and strain ratios of near

0. Fig. 14 compares density-corrected trends from
Figure 10 illustrates measurements of specific Young's available data for the 0 composite, the a2 composite,
modulus for the various materials, and only the [01 IN100, and Ti-24Al-11Nb monolithic materials.
composites exhibit outstanding behavior. The specific Monolithic Ti-24A1-]lNb was used for this comparison
stiffness of the cross-ply and [9018 laminates is slightly as opposed to Ti-24A1-I7Nb-lMo or Ti-25AI-IONb-3V-
higher than that of conventional materials. These data 1Mo because of a lack of data in the literature on the
are somewhat misleading, however, because the latter alloys at the necessary temperatures and stress
measurements were from initial loading of tension ratios. The trend for the Ti-24AI-l Nb plate material
tests. During initial loading, separation of the was taken from two sets of data, one at a strain ratio of
fiber/matrix interface occurs in the off-axis plies, and 0 and 0.17 Hz and the other at a stress ratio of 0.05 and
thereafter a drop in modulus is often observed in 30 Hz, generated under a contract performed by Pratt
laminates containing off-axis fibers. For example, as and Whitney Aircraft 1211. The IN100 curve was
shown in Fig. 11, in fatigue at 650*C SCS- supplied to the authors by Pratt and Whitney Aircraft
6/TIMETAL®21S 10/±45/ 9 0 ]s laminates undergo a and is an estimate based on low cycle fatigue at other
drop in modulus of approximately 25 percent during temperatures and yield stress data [22!. The SCS-6/Ti-
the first few cycles of fatigue. 24A1-l1Nb [018 curve was generated using a frequency

effect model proposed by Nicholas and Russ for this
4.2 Stress Rupture composite system [23!. The model predicts cycles-to-
To provide a measure of long-term, high-temperature failure as a function of applied stress and was
capability of the various materials, the Larson-Miller developed using data at frequencies ranging from
parameter was used to correlate stress-rupture lives 0.0028 to 30 Hz. The curve in Fig. 14 represents the
for a range of test conditions. The density-corrected predicted values for a frequency of 1 Hz. The SCS-
Larson-Miller plot, shown in Fig. 12a, presents data 6/TIMETAL®21S curves describe data generated by
from both composite systems and the comparison the authors, and all tests were performed at a stress
materials. The 10 18 and 19018 SCS-6/Ti-24AI-1lNb



1-5

ratio of 0.1 and I Hz. The trends indicate that the two 5.1 SCS-6/Ti-24Ai-IINb
101 composites have very similar S-N behavior at 650°C
and show significant improvement over the monolithic Crossweave Effects
Ti-24AI-llNb. The unidirectional composites do not Much of the SCS-6/Ti-24AI-1INb composite fabricated
show the same advantage over IN100; when to date has incorporated molybdenum crossweave
comparing lives for a specific stress range of 110 wire to maintain fiber spacing during fabrication.
MPa/(Mg/m 3 ) the fatigue lives of all three materials Superior room temperature tensile properties of
are within a factor of 2. However, the composites may composites consolidated with this crossweave was the
be superior for higher stresses with lifetimes below 105 basis for its choice; however, in-depth characterization
cycles, where IN100 data were not available. The of mechanical properties in a number of studies has
[0/9OIs and 10/± 4 5 / 9 0]s SCS-6/TIMETAL®21S revealed the detrimental nature of the Mo crossweave
laminates demonstrate performances worse than the 123,28,291. Not only does Mo form brittle intermetallic
monolithic materials and the unidirectional reaction products with Ti-24A1-l1Nb [301, it also forms
composites over the entire range of lives compared. MoO 3 which is volatile above 700°C [311. When

present on exposed composite surfaces in air at high
Looking at the reduction in specific fatigue strength as temperatures, these crossweave wires oxidize and
a function of the 101 fiber volume fraction in the SCS- provide a direct path for environmental attack of the
6/TIMETAL®21S composite, Fig. 15, with the fibers. This attack is manifested by the presence of
exception of the [0/ 9 0 1s lay-up, a relatively linear molybdenum on many fracture surfaces of specimens
relationship is evident. For this comparison, values of tested at elevated temperature in air under tension,
specific stress range were taken at 104 and 105 cycles creep, and thermal and thermomechanical fatigue.
from the curves representing the laminates' S-N Figure 17 presents an example of composite damage
behavior. Data on a [0/90/01 lay-up have also been due to oxidation of the Mo crossweave [ 31.
included for completeness. Multiple small cracks
initiating at 1901 fibers have been observed under Ideally, if a crossweave is to be utilized, it should be
comparable test conditions by Russ and Hanson for a manufactured from the same alloy as the matrix.
[0 / 90 12S lay-up [241 and may provide the explanation However, progress in the processing of ribbon and thin
for the relatively low fatigue lives of this laminate, gage wire must be made before identical alloys for

both matrix and crossweave can be incorporated into
4.4 Fatigue Crack Growth intermetallic matrix composites. The use of
Material comparisons on the basis of fatigue crack alternative crossweave materials [321, in spite of their
propagation are also particularly complex. In addition improved performance over molybdenum, are
to effects of temperature, stress ratio, and frequency, generally considered interim solutions, and a
crack growth rates in TMC's depend acutely on the transition to composite processing techniques that
degree of crack bridging by unbroken fibers, which is avoid the use of crossweave materials altogether is an
dependent on specimen geometry and stress level. option currently being considered.
For illustrative purposes, however, some example data
for tests of 101 material in the two composite materials Thermal Fatigue/Environmental Effects
are presented in Fig. 16, along with data from some of Thermal fatigue of TMC's results in significant
the monolithic comparison materials. The SCS-6/Ti- variations in constituent residual stress states 1331 due
24AI-llNb 125,261 and SCS-6/TIME' kL021S 1271 to the large difference in coefficient of thermal
composite data represent crack growth in specimens expansion (CTE) between the matrix and the fiber
containing a center hole tested at a range of stress (CTEmitnx - 2 * CTEfiber). SCS-6/Ti-24AI-llNb has
levels at 650°C, R--0.1, and the indicated frequencies. been shown to be particularly vulnerable to damage by
Significant, although incomplete, crack bridging thermal fatigue [34,35,36,371, due to the low tolerance of
occurred in both composite materials, giving rise to the matrix alloy to interstitial oxygen, which leads to
excellent crack growth resistance. Although not oxide notch formation and crack growth [381. It has
shown, data from 10 / 9 0 Is and [0/± 4 5 / 9 0]s SCS- been shown that thermal cycling [014 SCS-6/Ti-24AI-
6/TIMETAL®21S tests indicate much more rapid 1lNb between 150 and 815°C in air results in almost a
crack growth rates, consistent with the volume fraction total loss in residual strength after only 500 cycles,
of [01 fibers in each laminate, while no effect on strength was observed when the

material was cycled in an inert environment [31.
S. MICROSTRUCTURAL STABILITY AND Although elimination of the atmosphere alleviated the
DAMAGE MECHANISMS environmental problem, initial attempts to use a
Some of the shortcomings evident in the data of both surface coating to achieve the same protection were
SCS-6/Ti-24AI-llNb and SCS-6/TIMETALS21S are unsuccessful due to early cracking of the coating,
associated with microstructural and mechanistic which lead to a rate of loss in residual strength
issues that are now reasonably well understood, as equivalent to the uncoated material 131.
discussed below. Eliminating, or minimizing, these
effects in future titanium matrix composite materials 5.2 SCS-6/TIMETAL®21S
provides approaches to improvement of overall As described earlier, metastable beta alloys such as
material performance. TIMETAL®21S have received considerable attention

as matrices for TMC's, in part, because they offer
substantial improvements in ambient-temperature
ductility, albeit at a substantial loss in elevated
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temperature strength when compared to titanium mechanism. These damage accumulation processes
aluminides, such as Ti-24A-lI-Nb. At the higher are shown in Fig. 20 where a longitudinal section
intended service temperatures, however, reveals the penetration of an oxide-filled crack which
microstructure evolution, surface and interface has progressed from the surface to the first fiber layer,
oxidation, and matrix oxygen enrichment create a resulting in severe fiber interface degradation by
situation where matrix and composite mechanical oxidation. Thus oxide scale formation and subsequent
properties are strongly dependent on thermal history. cracking, coupled with near-surface matrix

embrittlement promote relatively rapid damage
Figure 18 shows the interior and near-surface accumulation during thermal fatigue and, in effect,
microstructures of a 1014 SCS-6/TIMETAL®21S render the potential improvements from a more
composite subjected to isothermal exposure in air at ductile (as-heat-treated) matrix ineffective.
815°C for 500 ks (139 hours). In the specimen interior,
where oxygen enrichment is minimized, the 6. DISCUSSION
development of a coarse distribution of blocky alpha is The range of mechanical properties possible from
observed, as shown in Fig. 18a. The near-surface titanium matrix composite laminates represent an
matrix microstructure for this exposure is shown in Fig. important, exploitable asset of this class of materials,
18b. Air exposure has led to the development of a but tailoring these materials to suit specific application
substantial oxide scale and to the stabilization of a needs must be accomplished with full knowledge of
high volume fraction of acicular alpha. Although, the long-term ramifications of the selected approach.
considerably coarser than the alpha in the as-heat- Significant property enhancements are very often
treated microstructure, the alpha morphology achieved by sacrificing other properties, and material
resulting from oxygen stabilization is considerably and structural designers must be ever vigilant to avoid
finer than that observed farther from the specimen solving one problem by creating another.
surface.

At present the extremely limited availability of fibers
Paris and Bania [39] have shown that considerable compatible with the aggressive processing steps
strengthening can result from oxygen levels above 0.25 required in fabrication of titanium alloy composites
w% in TIMETAL®21S. This strengthening is severely restricts options for design and development
accompanied by a substantial loss in room of improved materials in this class. Thus, most of the
temperature ductility. This is illustrated dramatically recent efforts to develop improved TMC's have
in Figure 19 which shows the room temperature tensile focused on the matrix alloy. In this regard, comparison
fracture surface of an as-heat-treated [014 SCS- of the first- and second-generation materials
6/TIMETAL®21S sample, Fig. 19a, and a sample which employing the same fiber (SCS-6) but having titanium
had been thermally cycled for 500 cycles between 150 matrices (Ti-24Al-llNb and TIMETAL®21S) with
and 815*C, Fig. 19b. In the as-heat treated sample, dramatically different properties provides insight into
matrix failure is by microvoid coalescence, and the the potential improvements in TMC's through matrix
fracture is completely ductile. In the thermally cycled alloy selection.
sample, however, the outer matrix region fails in a
macroscopically brittle manner, illustrating the As shown in Figs. 3-5, a significant improvement in
damaging influence of oxygen embrittlement during composite strength at low temperatures was achieved
the relatively modest time at the higher temperatures by substituting TIMETAL®21S for Ti-24AI-llNb, but
during thermally cycling, no advantage was exhibited at the higher

temperatures. Each of the materials in the [01
Under service conditions where significant oxygen orientation was of substantially greater strength than
contamination can be anticipated, it is clear that the the conventional monolithic alloys, but the

as-heat-treated properties in alloys such as corresponding [901 strength severely limits the possible

TIMETAL®21S cannot be used to model or predict applications of such a unidirectional composite.
damage accumulation processes over an extended Achieving more balanced in-plane strength by
service lifetime. For example, Revelos et al [38! have constructing laminate3 containing off-axis plies

demonstrated that the damage accumulation significantly reduces the maximum strength - in some
sin thermal fatigue of composites with a cases to values less than those possible from existing

processes imonolithic materials, particularly on the basis ofTIMETAL®21S matrix are essentially the same as
those observed in similar composites with Ti-24Al- specific ultimate strength. Obviously, tailoring the
11Nb as the matrix. Thermal fatigue in continuous laminate to fit the specific structural need is essential.
fiber composites is essentially an out-of-phase The limited ductility available from these composites
thermomechanical fatigue condition where matrix The limitedrducts a vaica nt challe se t ost es
damage predominates. Based on starting (Fig.9) represents a significant challenge to structural
microstructures it would be expected that the more designers who have traditionally had the luxury of
ductile TIMETAL®21S matrix would be substantially using much more forgiving materials. Although
less prone to thermal fatigue degradation than Ti-24AI- ductility is not typically a design limiting property,llNb. The susceptibility of T|METAL®21S to thermal ductility sufficient to accommodate structural
fatigue, and by inference to thermomechanical assembly is necessary, and the ability to redistributefatiueandby ifernceto hermrnehancal concentrated loads is important.
fatigue, can bp attributed to embrittlement of the
near-surface regions by oxygen and to the
development of oxide notching as a major damage
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As shown in Fig. 10, laminates containing off-axis plies available, the associated data for fatigue in the 1901
do not exhibit the outstanding stiffness available from orientation can be expected to be very low.
[01 composites, and an appreciable drop in stiffness of
the cross-ply laminates occurs during fatigue (Fig. 11). The presence of 101 fibers in the composites offers
Both of these factors place an additional premium on significant advantages in terms of improved resistance
laminate tailoring, to fatigue crack propagation. As noted earlier, the

beneficial effect of crack bridging tends to scale with
Composite creep also represents a significant design the volume fraction of [0! fibers.
challenge. Although [01 plies significantly resist creep
strains, [901 and [±451 off-axis plies pose little resistance Thermal fatigue, combined with environmental
to creep. This fact, combined with [01-ply matrix stress effects, poses an unusual problem due to the cyclic
relaxation due to creep, tends to quickly increase [01 residual stresses in the composite matrix, which are
fiber stress in cross-ply laminates. As shown, the SCS- not present in unconstrained monolithic materials
6/TIMETAL®21S cross-ply laminates demonstrate subjected to thermal cycling. As noted earlier,
relatively good creep capability. As discussed below, titanium composites of both matrices undergo
however, interpretation of the significance of these significant damage under thermal fatigue, and the
composite data is complicated, mechanisms of damage are essentially the same for

both materials. A protective coating may provide a
A key concern involved in applying coupon creep data solution to this problem if the integrity of the coating
to prediction of behavior of a structural component can be maintained throughout the composite's service
relates to load transfer between the fiber and the life.
matrix. It is well known that transfer of interfacial
shear stress in both SCS-6/Ti-24A1-IINb and SCS- 7. CONCLUDING REMARKS
6/TIMETAL®21S composites occurs primarily due to A key issue in the comparison of TMC properties with
the compressive residual stress which clamps the the monolithic materials is the performance of the
matrix around the fiber at low temperatures. At various laminates. Although 10! data for the various
elevated temperatures this residual stress approaches mechanical properties were often outstanding,
zero, due to the differential thermal expansion properties of the (901 orientation of the same material
between the matrix and the fiber. In conventional test were typically extremely low, and the laminate
specimens, mechanical grips are used to apply loads behavior was roughly described by a rule mixtures of
to the ends of the specimen. Under these the lamina. In many instances the [0/±45/ 90]s, and to
circumstances 101 fibers are artificially loaded at their a lesser extent the 10/ 9 01s, laminates exhibited
ends, significantly enhancing load transfer. In mechanical properties that were approximately equal
structural applications, no such compressive force will to, or less than, properties available from the
be applied, and load transfer must occur naturally. monolithic materials. Many of the deficiencies in the
This is particularly acute at the points of introduction mechanical behavior of [901 and cross-ply laminates
of loads into the structure. In structural rings, which appear to be the result of the very weak fiber/matrix
are essentially continuous unidirectional composites, interface under transverse stress, which severely
loading is largely circumferential. However, most restricts the load carrying capability of the off-axis
other geometrical configurations require loading plies. Recognizing that the issues of material cost and
either by bonded joints or pin loading. Under these reliability in extended service must still be addressed,
circumstances fiber/matrix load transfer and matrix it appears that use of laminates of either of the TMC's
creep behavior become crucial, suggesting that the examined must proceed with great care. It is essential

poor creep capability of 0 titanium alloys such as that the laminates be tailored to the specific
TIMETAL®21S may be a severe detriment. application, with full recognition of the specific design

needs. For example, composite ring components in
The fatigue data of Fig. 14 are somewhat alarming. turbine engines must be designed such that the radial
The SCS-6/TIMETAL®21S [0/901s and 10/±45/90]s stresses do not exceed the [901 properties of the
laminate data fall well below the capability of unidirectional composite, if this material is to be used.
monolithic IN100 and Ti-24A1-llNb. Although the [01 In panel configurations, it is crucial that the laminate

data for both the a2 and 0 composites appear be tailored to fit the actual stress state, in order to

approximately equivalent to the IN100 data, it should utilize the attractive properties that TMC's potentially

be noted that, while the specific tensile strengths of the offer.
two cnmposites were approximately equal at 650*C,
their [01 strength was approximately double that of the It should be remembered that SC3-6/Ti-24AI-11Nb

IN100. Obviously this strength advantage was not represents a first-generation titanium aluminide

retained in these fatigue tests. Based on the composite, and although SCS-6/TIMETAL®21S shows

equivalence of the [01 data for the two composites, significant advances, further improvements in TMC

there appears to be no appreciable effect of alloy properties through design of the composite as a

matrix on 101 fatigue performance under these 6500C system (fiber, matrix, and interface) appear likely.

test conditions, indicating a dominant role for the fiber. Future materials offer important potential

This has been demonstrated through analytical improvements in terms of environmental resistance,

modeling for TMF lives [40,411 for both SCS-6/Ti-24AI- as well as matrix strength and creep resistance at high

1lNb and SCS-6/TIMETAL®21S. Although not temperatures and ductility at low temperatures.
Presently, the development of high temperature
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Fig. 8a. SCS-61TIMETAL®21S laminate strength plotted versus volume fraction of 101 fibers.
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Fig. 8b. SCS-6/Ti-24AI-1 I Nb laminate strength plotted versus volume fraction of 101 fibers.
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Fig. 9. Failure strain for the various materials.
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Fig. 10. Density-corrected Young's modulus for the various materials.
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Fig. 11. Changes in elastic modulus during fatigue of [0/±45/901s SCS-6/TIMETAL®21S; 650*C, 1 Hz, R= 0.1
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Fig. 12a. Density-corrected Larson-Miller plot of rupture strength for the various materials.
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Fig. 12b. Density-corrected Larson-Miller plot of rupture strength for the various materials., omitting the SCS-
6/Ti-24AI-1 1 Nb composites.
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Fig. 13. Specific ruptu e stress corresponding to a Larson-Miller parameter of 23 in Fig. 12a.
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Fig. 14. Density-corrected fatigue stress range versus cycles-to-failure; 6500C, frequency - I Hz, R -0.
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Fig. 15. SCS-6/TIMETAL®21S fatigue stress range versus volume fraction of 101 fibers.
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Undamaged Mo Crossw
Matrix Foil

Crossweave

Oxidized Mo Crossweave

SComposite Edge

Fig. 17. Cross section of SCS-6/Ti-24AI-llNb subjected isothermal exposure for two hours in air at 815°C
showing oxidation of Mo crossweave and associated composite matrix cracking [31.
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Fig. 18. (a) Interior and (b) near-surface microstructures of (014 SCS-6/TIMETAL®21S composite subjected
isothermal exposure in air at 815°C for 500 ks.



717

(a)

(b)

Fig. 19. Fracture surfaces of [014 SCS-6/TlMETAL921S specimens: (a) Room temperature tensile test of an as-
heat-treated specimen, and (b) a sample which had been thermally cycled for 500 cycles between 150
and 815 C.
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Fig. 20. A longitudinal section of 1014 SCS-6/TIMETAL®21S showing the penetration of an oxide-filled crack
which has progressed from the surface to the first fiber layer, resulting in severe fiber interface
degradation by oxidation.
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APPLICATIONS OF TITANIUM MATRIX COMPOSITE
TO LARGE AIRFRAME STRUCTURE

by

Timothy M. Wilson
McDonnell Douglas Corporation

PO Box 516
St. Louis MO 63166

United States

ABSTRACT Large structures are assembled from smaller subcomponents or
simple structural members. Assembly techniques for cutting,

Advanced Titanium Matrix Composite (TMC) materials are drilling, machining, and joining are established as a final part of
being developed for structures that must withstand high temper- the material development process. Once assembled the struc-
arures, possess high stiffness and be lighter. Scale-up of the tu are tested under representative conditions to verify the per-
TMC material system from the laboratory environment to large formance of the material and structural concept.
,tructarpl components has required significant advancements in
design, manufacturing and assembly technology. Numerous HYPERSONIC VEHICLE REQUIREMENTS
large scale, TMC components have been developed, fabricated
and tested to verify the feasibility of structuralimaterial con- The development of any new material system is typically driven

cepts for hypersonic vehicles. These articles include thick lam- by the requirements from a specific application. Although TMC
inate TMC wing strcture, minimum gage TMC fuselage has a wide range of possible uses, the principle application
sections, and integrated TMC fuselage/cryogenic tank stnac- behind TMC research is the National Aerospace Plane (NASP)

ture. A summary of the development and testing of these airframe.

articles is presented in this paper. The NASP is designed to takeoff and land from conventional

INTRODUCTION runways using airbreathing propulsion concepts to achieve
orbit. Because the airbreathing propulsion system operates

Titanium Matrix Composites (TMC) are being used on large more efficiently at high dynamic pressure (low altitude and high
structural components to reduce weight and survive repeated speed), the flight trajectory is very different from rocket pow-
exposure to elevated temperature environments. The develop- ered vehicles or conventional aircraft, as shown in Figure 2. The
ment of a new material system like TMC from basic laboratory result of operating in this flight regime is large structural loads,
research to large structural applications requires three basic high temperatures, and large thermal gradients throughout the
steps as shown in Figure 1; 1) requirements definition, 2) mate- structure.
rial research and process development, and 3) large scale dem-
onstration and validation. It can take 10, 15 or even 20 years of 240 Rocket Ascent

research and development before the material is proven viable. (Space Shutt

Eash step in the material development has many challenges, any 2ZCI <O r
one of which could undermine the material system if not prop- A- Deact '.-l I

erly addressed. 160 1'

ReqireenAltitude, 12 Cruis
Dkflttlon I-. Air Breather

MateilResearc 80 0 Ascent
and Process Developent0 SR-71

S40 [3 F-16

> Large Scale Demnonstraton Current Aircraft I Concorde

and Validation '0 4 8 12 16 20 24 28
P4.4569e-1-. Mach Number

Figure 1. Steps In TMC Material Development GP34-4•4-.v

Research on TMC has been in progress for many years, but it Figure 2. Typical Flight Trajcqtories for Hypesronic

wasn't until 1986 that the material received serious attention. In

this time period a significant effort to develop h.penronic Design conditins for structural sizing of the airframe are
vehicles was initiated. Hypersonic vehicles establish specific selected from a combination of maneuver load factors, dynamic
material requirements, such as temperature capability, material pressures and aerodynamic heating. Representative structural
allowables, durability, environmental compatibility, thermal temperatures, shown in Figure 3, ar used for establishing the
stability and desired product forms, requirements for active cooling, thermal protection systems and

Once the requirements am defined, material research esta- material selection.

blishes the matrix composition and processing parameters.
Scale-up from small samples to larger structural forms is an
iterative process between the material scientist, producibility
engineer and the structural designer. A significant amount of
time is spent developing tooling and addressing product quality.

Presented at an AGARD Meeting on 'Characterisation of Fibre Reinforced Titanium Matrix Composites: September 193.
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Cabin/EquIpment Bay Weight sensitivity is the rate-of-change of the mass fraction and
1,500 - 2,200-F is a measure of how the TOGW is affected by the empty weight.

Cryo-Tank For example, a hypersonic vehicle may have a weight sensitiv-

1,500 - 1,800-F ity of 10. This means that for every 1 pound increase in empty

Cabin/Equipment Bay weight the TOGW will increase by 10 pounds. From Figure 4,
1,500 - 2,200FF conventional aircraft have a weight sensitivity slightly greater
ings and Tails than 2. This is extremely important for hypersonic vehicles

Wng0 an Tails- because a small reduction in structural weight (i.e., empty1 ,weight) can have a large affect on the overall size of the vehicle

or significantly increase margin.

The primary design drivers for hypersonic airframes such as on
NASP are weight and temperature. Candidate design concepts

Radar Antennas must address these two issues to satisfy overall mission require-
1,7T00- 2,500-F \ments. But at the same time many underlying issues such as

Exhaust environmental reactions, material processing, and manufactur-
Surfaces ing must be understood before committing to a final concept.
3,000 - 4,000-F

STRUCTURAL CONCEPTS

1,800 - 2,200-F Detailed structural concepts for hypersonic airframes are deter-
GP34.•S4-3V mined from iterating the structural arrangement with external

Figure 3. Representative Surface Temperatures environments. The structural arrangement defines internal load
paths and the interfaces between airframe components. One of

The critical challenge for the airframe is to meet all the environ- the critical structural interfaces is between the fuselage and the
mental requirements at very low structural weight. Weight is cryogenic propellant tanks.
more critical for hypersonic vehicles than conventional aircraft
because of the low mass fraction required to achieve orbit and Two fuselage / tank configurations are shown in Figure 5. The
the sensitivity of the design to weight variances. Mass fraction multi-bubble non-integral concept uses two independent struc-
is the ratio of the empty weight to Take-Off-Gross-Weight tures tocarry tank and fuselage internal loads. The tankpressure
(T)OGW) and determines how much usable propellant can be and cryogen inertia loads are carried with a stand-alone tank
carried on the vehicle. Engines for hypersonic applications structure. Fuselage loads from external aerodynamic lifting
require large quantities of hydrogen propellant to generate suffi- forces are carried by the fuselage shell. A linkage system is used
cient thrust and Isp for a Single-Stage-To-Orbit (SSTO) mis- to thermally isolate the two components. The integral approach
sion. This coupled with the low density of hydrogen results in uses a single structure to carry both the tank and fuselage loads.
an airframe that is mostly propellant tanks that must have a very Either configuration can be used in any fuselage shape, how-
low structural mass fraction. Figure 4 shows a comparison of ever, multi-lobed tanks are preferred for non-circular shapes 4
TOGW vs empty weight for conventional and hypersonic and integral tanks work well with circular cross sections.
aircraft. An important feature of the structural concept is thermal protec-

10 otion. By using thermal protection systems (TPS). the structural
Takeoff temperature of primary structure is lowered, allowing a wider

Propelent Wti ht range of materials to be considered. This result may or may not• 70% yield a more optimum design due to the additional TPS weight.

O.W.E. - 30% However, certain areas of the fuselage must use a TPS system

Stnucture due to the extreme environments. The cold structure, integral
systems .. 60% tank concept shown in Figure 5 illustrates how TPS can be inte-

WEmpty -10% grated with the fuselage/tank configuration.

(Ib) 1 - •: Thermal stresses generated by temperature differences within
-- E~no•J jthe structure influences the concept selection. An illustration of

how thermal stresses are induced is shown in Figure 6. A non--25%uniform temperature distribution aross the fuselage occurs due
to aeroheating and uneven thermal mass distribution caused by

ring frames used to stiffen the fuselage. The frames are cooler
than the fuselage shell causing a build-up of thermal load (Ny)

104  1 at the interface. Load continues to rise with increased thermal
104 105  106 gradients unless deformations (A) or buckling occur. A concept

TOGW (Ib) that allows this deformation without sacrificing primary load
5GP448A-A-V capability is used in areas of high thermnal gradients.

Figure 4. Weight Characteristics of Aircraft

I

I
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Multi-Bubble Integral Tank

Hot Structure Cold Structure Hot Structure
Non-Integral Tank Integral Tank Integral Tank

GP34-0644-V

Figure 5. Fuselage / Tank Configurations

Detailed structural concepts for the fuselage shell are shown in structural/material concept. Design, fabrication and validation
Figure 7. The concepts vary from hat or blade stiffened struc- of the concept are demonstrated as part of the material develop-
ture to sandwich type construction. Each concept is evaluated ment program.
using different materials and load conditions to establish a final

Ring Frames Frame

Fae e aAttachmentn

NyB n

Cold

Hot

Cold Frame "Pinch**" Panel at Attachment

Load C~ross Corrugption yN

(NY) / 0 7Bu~ckling Load

Deflection (A) -0v

Figure 6. Effects of Thermal Gradients
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Candidate Hot Structre
Candidate

Thermally Protected Structure
SPFDB Honeycomb SPFDB

Sandwich Sandwich Corrugation SPFDB Honeycomb

Sandwich Sandwich

Insulation (Typ)

Candidate Actively Cooled Structure

Stringer-Stiffened Honeycomb Insulated/

Skin Sandwich Cooled Panel
H.'.?, W Sh.•:d.'

= TE GP34-0664-7.V

Figure 7. Detailed Structural Concepts

MATERIAL REQUIREMENTS Regardless of how good the material characteristics. it must be
formed into the required structural shapes to be usable for large

Material requirements are generated from a wide range of para- applications. Therefore, significant research is focused on fab-
metric studies performed at the vehicle and subcomponent rication and manufacturing procedures. Some of the more chal-
level. Using automated structural optimization techniques, pre- lenging structural shapes are shown in Figure 9.
liminary fuselage shell sizing can be done quickly for a large
combination of structural concepts and candidate materials. TMC material research and process development was accom-
Material sensitivities are also calculated using this approach plished under three activities. The first was the NASP Materials
such that critical material attributes like stiffness can be priori- and Structures Augmentation Program (NMASAP) which was
tired and guide material development. These studies also estab- a companion program to the main NASP initiative and involved
lish thd benefits and risks associated with developing certain 5 national contractors working on a variety of advanced materi-
types of structural /material concepts. They also serve to anchor als including TMC. The second was the risk reduction portion
the material development program whose charter is to develop of the NASP program focused on critical, high risk structure.
a usable material system and demonstrate the feasibility of the The third was internal research and development by McDonnell
concept. Douglas to develop company wide expertise with Titanium

Matrix Composites. All of the large structural demonstration
Candidate material / structural concepts evaluated for NASP articles discussed in this paper are associated with these three
encompassed conventional materials as well as advanced sys- programs.
tems. Goal properties for advanced materials are established by
evaluating the state-of-the-art in materials development, 1.2
requirements and times required to develop new materials. Critical for X-30
TMC was the advanced material identified as most promising 1.0 - -. TMC
for NASP airframe structure applications. Figure 8 is a plot of
specific strength as a function of temperature for several mate- 0.8 Ti 3AIl
rial systems. TMC exhibits distinct advantages in the 700*F to Specific
15OOUF temperature range over other materials. Based on these Strength 0.6 Ti "
evaluations, a TMC hat stiffened concept was selected for fur- X 106 " Carbon/Carbon
ther development. 0.4 C a.o

PROCESSING DEVELOPMENT 0.2 -RENE

With material requirements and product forms defined from 0 I-C
applications studies, material research begins at the constituent 0 500 1,000 1,500 2,000 2,500 3,000
level to select a matrix alloy and reinforcing fiber. As various Temperature - *F aP344*"-$-v
formulations are examined, processing parameters are refined Figure 8. Advanced and Conventional Material
to obtain a consolidated material that satisfies the requirements. Comparison
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Previous experience showed that the Textron SCS-6 fiber would

meet NASP elevated temperature strength and stiffness require-
ments. However, a key issue is preventing fiber/matrix interac-
tion, Titanium is highly reactive and at elevated temperatures
will essentially destroy unprotected fibers. The SCS-6 fiber
coating survived repeated exposures to NASP temperature

environments with no degradation and was selected as the base-
$tiemns line fiber for all development structures. Other fibers with

smaller diameters also met the acceptance criteria for NASP.
The smaller fiber is important because of it's direct relationship
to minimum gage laminates. Therefore, the small diameter

spar SCS-9 and Sigma fibers are used in some of the demonstration
hardware. A comparison of large and small diameter fibers is
shown in Figure 11.

Three Silicon Carbide Fbers Were Compared

Tensile Mouu DensityDmt Strength od lus Dnsity

__n__ ,(KS0 (mae (Li..)

GP3&8&-v SCS-9 (1) 0.0032 500 47 0.09

Figure 9. Structural Shape. Required for NASP SigM (2) 0.004 Soo 60 0.1

MATERIAL RESEARCH 1240

The constituents of TMC are the titanium matrix and reinforcing SCS-6 () 10.0056 500 58 1 _0.11

fibers. The initial focus of the NMASAP program was to select (1) Textron Speciaity Materils. Lowell MA S5-1 -V(2) Brtlith Petroeten., Hepan-h're UK

appropriate matrix materials and reinforcing fibers to meet
NASP requirements. Seventeen matrix formulations including SCS-8 end SCS-6 Were Selected
both Beta alloys and Ti alurninides were evaluated. The evalua-
tion criteria, shown in Figure 10, concentrated on specific mate- Figure 11. Reinforcing Fiber Properties
rial attributes important for high temperature applications. TMC LAMINATE PROCESSING
Considering all of the desired attributes, the Beta or Tunie TM
21S alloy as the preferred matrix for a 15000 F TMC material A general approach for combining matrix and fibers into a con-
system. solidated TMC laminate is shown in Figure 12 and consists of

Attention Was Focused First on Matrix Alloy Selection 5 basic steps.

The first step is layup. A "foil/fiber" method of layup was used
Compositions Number Selection Criteria in all demonstration hardware that will be discussed later. In this

"* B3 5 - Tensile Properties method, the matrix material is rolled into thin foil sheets and cut
into foil plys which correlate to the final part dimension. Fibers

"• a-2 Strengthened a 1 * Thermal Stablity are woven into unidirectional flat mats and plys are cut depend-

"- a-2 9 * Creep S ngth ing on the final orientation required in the consolidated lami-
ley 2 •Fiber Compatibillty nate. Cutting the fiber and foil for small parts is typically done

by hand as shown in Figure 13, but is not wel suited for high

Total = 17 - Oxidation Resistance rate production or consistent quality. therefore, automated cut-

ring techniques, shown in Figure 13, using numerically con-
[Bet 218 Was Final Choice trolled chisel cutters were successfully developed and used.

103110,-v Once cut, the foil and fiber plys are collated in sequence to

Figure 10. Matrix Selection Criteria obtain the desired fiber orientation in the consolidated part.
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Figure 12. TMC Processing Steps
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The second step in the process is to place the stack of foil / fiber on both sides of the laminate stack. The complete stack is held

plys in the tool. The tooling approach is critical in fabricating in place by a steel bag or bladder welded to the tool.
top quality TMC parts. Many tooling concepts and layup proce-
dures were evaluated and refined to establish the sequence Depending on the final shape of the part, this step can be very
shown in Figure 14. Hard steel tooling with symmetric laminate simple as with a flat laminates or very difficult requiring toohng

stacks is used to prohibit significant tool warping that occurs aids for complex parts. A foil/fiber stack is being formed into

with one sided tooling concepts. Since the tool and laninate a C-channel tool in Figure 15. The photo on the left shows the

stack expand differently with temperature, buffer or slip sheets preformed steel bladder and the green stack prior to forming and

(coated with a "stopoff" material toprevent bonding)are placed the right photo shows the greenstack formed into the tool with
the bladder in place for welding.

Tooling and Bagging Method for TMC

Laminates Provides Reliable Consolidation

Outer Bag

_ __-_-- Inner Bag

Slipsheet

_TMC Lay-Up

Slipsheet

Consolidated TMC Part

Vent
Consolidated TMC Part

GP34-0684-14-V

Figure 14. TMC Tooling Stack E

Steel

, I '

II
Fiber and Foil Before Pressing Fiber, Foil and Bladder In Place

Into Consolidation Tool and Ready For Welding

', 4 1 -4

Figure 15. Forming of a TMC C-Channel

I

I
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The third step is sealing/degassing. Sealing the bladder or bag sheets are also removed and the laminate is wiped clean with
to the tool forms a pressure tight cavity that can be evacuated solvent. The laminate or part is now ready for assembly opera-
through a vent port in the steel tool Degassing or removing all tions.
of the volatiles from the cavity is required for good consolida-
tion and to prevent contamination of the laminate. MANUFACTURING AND ASSEMBLY OPERATIONS

The fourth step is consolidation. Consolidation of TMC is done Operations required to prepare TMC pans forfinal assembly are

under high temperature and pressure using a hot isostatic press no different than for any other built-up structure. Pans must be

(WIP) uit. cut or trimmed into final blueprint dimensions, joined by either
fasteners, spotwelded, or brazed to make subcomponents and

Temperature and pressure are phased to obtain good consoL ia- finally assembled together into thc final assembly. However,
tion and to minrmize the wear and tear on the HIP. Temperatures methods used to acconmplish thise tasks are not so conventional
,re slowly increased from room temperature to avoid any exces- because of the abrasive nature of TMC. Improper cutting not
sive distortions caused by thermal gradients in the tool. Pres- only damages tools, but can damage the part as well.
sure is kept relatively low during the heat-up process and is
increase to over 15,000 psi at the end of heat-up cycle and held Several methods of trimming and cutting are used. The abrasive

for a prescribed time period. Most ofthepressureisrelievedand waterjet, shown in Figure 16. uses a high pressure stream of

the I-IP is allowed to cool. At room temperature, the consoli- water with suspended abrasive particles to cut TMC. The jet is

dated laminate and tool are removed from the I-U. mounted on a multi-axis head that makes continuous straight or
curved cuts. As an example, Figure 17 hows a TMC angle being

The fifth and final step is removal and finishing. At the extreme cut into a "saw tooth" or crenelated pattern for a curved TMC
conditions during consolidation, the bladder or bag is formed to ring frame. Multiple parts with identical geometries are pro-
match the outer contour of the laminate and 'los qiro any duced at cutting rates of up to 30 inches per minute, making this
creages or crevasses. Bags are removed by machining or grind- technique suitable for high production rate applications. The
ing the bag welds and exposing areas where the "stop off' pre- integrity of the cut surface is also very good as shown in Figure
vented diffusion bonding of the tool and bag. Once 18.
accomplished, the bag is lifted off of the laminate stack. Slip

Figure 16. Multi-Axle Waterjet Cutter
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Cutting Crenelated Pattern In Two Finished Components For
TMC C-Channel TMC I-Beam

Figure 17. Waterjet Cutter in Operation

1,• 14 -"4 -

Figure 18. Cut Surface from a Waterjet
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Figure 19. Diamond Wheel Cutter Set-Up

The diamond cutting wheel, shown in Fieute 1l), is another
method used to produce excellent cut, mr TNIC Tlrcdianrr'nd
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trolled speed, and feeds bN monu'in the part thlutw'uh 11w wkheel,

.) ~~ (( ~ ))f) 7)Only straight cuts are mad'e usinke[fl TTIC1u 1 feho lde 1-1 set up IIro-
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(f") C')part. very small radii are possible: 1lits netiuri -i- '-i.

.... Y )'") ('onentatiron or clearance pre, ilud the i;se ut t1,- %us, .t ....

) (> ( )QbaA- spras. Figure 21 shows t!h El\l uItW , Uil~u. 111 ":1,1\

spar for the NIDC Wing Toiqier lk\ a.iti ii ii
~ ~ ~--i( ( ~)( ~,shown in Fizure 22' required umntt !hlc .ap s0u ii. 5W

( ( ~ Y ~ 0 very tight radius A phoite' tur~rup t i i -un' *'5' -iw II

~9 C)~ ~ Q ~form, good qualir\ cut

r,; 4 )6A 4 2;

Figure 20. Cut Surface from Diamond Wheel
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404
Machine Area Cutting Through Flange of

Canted I-Beam
GP34 0684 2

Figure 21. EDM Cutting of A Wing Intercostal

71:1

TMVC Spar For Stabilator Torque Box

Figure 22. Completed Part Cut With EDMY
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HOLE PREPARATION minimize hole distortion. Panels for the Integrated Fuselage/
Cryotank article are being punched in Figure 23. Machines are

Several methods are used to cut fastener holes in TMC. For thin stationery and pan size is typically limited due to the "throat"
laminates with few holes, conventional high speed steel or size of the machine. Thick laminates deflect as the punch pene-
cobalt twist drills can be used, but significant tool wear requires trates the material causing nonuniform holes or excessive mate-
frequent drill replacement. On large structure with numerous rial damage around the hole. The thickest laminate punched,
holes through thick and thin laminates two methods are used: shown in Figure 24, is a 24 ply SCS-6/Ti 15-3 part. The figure
hole punching and diamond core drilling, shows metal smearing and fiber damage at surface of the hole

Hole punching works well on thin laminates and at fastener after punching. The damaged area is removed by secondary
locations near the edge of the part. Hole punches are pneumatic reaming operations to achieve final hole dimensions. Several
operated and required rigid support to limit part deflection and passes and several reamers may be required during this process.

IL I

CW•4 0684 2)•

Figure 23. Hole Punching of Integrated Fuselage/Cryotank Panels
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404

As Punched After Reaming
GP34-0684. 24

Figure 24. Hole Integrity From Punching and Reaming Operations

Neither conventional twist drills or punching will consistently yile etr cutting efficiency and hole quality for TNIC. This

produce high quality holes in thick TMC laminates. Diamond method is adaptable to multiple dnill set-ups. showvn in Figure
Lore drills lire used for these applications. The core drills are 25. for large TMIC structure. Aluminum drill temiplates are
tubular "sitli a diamond matrix built up on one end similarto dia- designed to holdwsveral dri-lls at one time, allowing thle operator

mnonsi crindine hel.As the drill rotates, the diamond edge work on more than one hole at a time. Hole quality frott tills

cuts the T'sl and material is removed from the tube. This pro- method is excellent as shown in Figure 26. Hole tolerances can
cedure is used on other NIMC materials, but special modifica- be held to +/- 00X6 inches for a 32 ply TMC laminate.
tioos to the core drill design. drill motors and procedures has

Uses Convenliooal Rigid Set-Up Close-Up of Drilled Holes

Figure 25. Multiple Drill Set-Up Used on Large Assemblies
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C- ' SPOT WELDEING AND BRAZING
Z~cQXCC(C (c 7

While mechanical fastening is a principle method used for
C CL , Cassembly other techniques of joirnig TMC structures are feasi-~ (, <_ ble. Two methods, spotwelding and brazing, are useful for sub-

.~ri abrý i,01 mid pn-mi x imuch of the hole drilling
Arc b C- C,. r- required on large structure.

(I. ~ C C ~ CC
- C C C' A (.(. C The spotwelding process consists of dlamping two pieces of

c~. CTMC together with electrodes, discharging electnical current
a &.. & ~ 4..---- -.- ~through the electrodes causing local heating and joining of the

C 4. two pieces. Parameters such as clamping force, electrode dians-
C., C eter. and amperage have significant effect on the integrity of the

( ~C C CC .. Cc. C, spotweld "nugget". Nugget size and quality is directlv related
C C r ( to the strength and durability of the joint. Since the process

' ~ C C C requires a rgdset-up, the part size is limited bythe -throat"

41 ~ dimension of the spotweld machine. Shown in Figure 27 is a
4R typical machine used for spotwelding and Figure 28 shows a

vrb CC, Cclose-up of a hat stiffened panel from the Integrated Fuselage/
c C CCryotank article.

Figure 26. Core Drill Holes Are Good Quality

Figure 27. Spotwelding of Hat Stiffened Panels
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Spotweld
Closeup

L 46in.

"N, " /" ->

..D.4 I'g42

Figure 28. Typical Panels Welded Using Spotwelding Techniques

Brazing is more complex than spotwelding, but produces higher is maintained by the massive lower tool and hats are securely
strength joints. A brazing process consists of sandwiching foil held against the skin by large cross-bars and shims made from
of monolithic material in between two TMC parts and applying superalloy material. Processing parameters such as maximum
high temperature and pressure. Special fixtures are required to temperature and soak time are selected to generate good braze
maintain part location throughout the braze operations, espe- flow and inint strength. The photomicrograph, Figure 30,
cially at high temperature when bonding occurs. The braze fix- shows a g 4, homogeneous braze joint and excellent wettabil-
ture used for the hat stiffened panels of the Lightly Loaded ity from this process.
Splice Subcomponent is shown in Figure 29. Moldline contour
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GP34 0684 29

Figure 29. Typical Braze Fixture Sot-up

k":LARGE SCALE DENIONSTR NTO NAUDlATlON

The desIazn analvisi. fahrication and testrin of demonstration
hardware is an Integrated pint.css be-tween re~liiirentents and
process development. McDonnell Doue~las aloneO with the
NASP ream has succestUllv fabricated and tested several ]tree
scale TMC articles shown in Ficure I I Thesw articLle, rance'1in

'. Si7e from flat Iubeoniponent panels to laree fiiselage ass~embhles
and demonstrate all of the primese, discussed earliet.

BUCKLING PANELS

Early. in the TMC development process hat stiffened struc:ture
was identified as a candidate structittal .oncept in which Is. al
buckling w&a, the critical failure mode. One oit the first risk
rCdUctIoi, J'f01rt I~dusIto de .si Ci 1111-1ti Mle ICIItils a series iot

articles to c haracten ie buck-I inc of flat pa tel Panel ve, nteti,
* ~was selected to he represetiatise of either a fuselace section )Ii

wing qkin. The general geometrNI. shitwn in Fieure ~2 a, two
___________fodtemndb sqaewtruchtua deptintifation5uince tenip eraetiue %att

foeteurmied w tithtarat depth f15in ches Thi g~n eiterturv sand
loads front th'e vehicle and TMC niaterial properties.

rOP34-0A4-30

Figure 30. Good Ouallty Brazing Has Been
Demonstrated
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3 :oy 5 ': 9-1 " 52mr

T-e,-a L 'e Ci, c P- •

F a e w r sig P a r em l e d b l o 3 i n t o y 3 h a d w r a n a c h e d

at~~~~~~~~F5 the endý oftehtAdecn-to wr cnr~dwt

V[ -g* To'c~e Box :2 x4 2 44- X 2 ", •

fr4a m rsiY 8 1!s nd 22- x 2 4p-e Fn Scaoe u lserl eoya .
A 0 1 D Y y "2 ' , 0 5 - o y 3 6 6 - ," '

Fiue3.LreArrm tractuedsi Figuriae3.Md-panel sTranMrC potdaafno
sofeload alongue wiy noliearpertredictioencs n baetwith the AhA-

•QUSfueaesinite nelentsovr and tiacole buckl g ng wa fredicedsa

24 0.03 in. 3Fr00 ls andete indicatedbod itertduckliong loardwase at3(0lbshe
or wthi nd %osth bucklsn stEngth woaos cosierabonroled withth

~~ pfanel mapabityoers deige(tX reet u of thpnta laste bucolainload.

0032n. .25en. paeslwth ihwdventical geomory shownelaion Figuredict4.asafabriu-
crated nfigre, 33.-6 Tid1-pan3 trMC. The skintand hats wereh
constructd using wthe fol/ibear proesitos mande wtheb sptweldB-

GP34-0484QUS-fing.TsitelmnsoerIiiabuhng was cmltdfreprausuprtodic0teF in
Figure 32.. Bst uckling Paesemtycmiainwt ohailadtransverwse mchanicdabl wloading

A moolihic Ti6AJ4V ane wa fancaed nd estd t gan pganempaityoeratur ote stanisrmntatiowas errastic atkn moadi-

cofieceinaalss ndtstn method. Altoug the tes mume vtempeatue. Data atetmpetratsowniures less .than fabri.
- showed good SCorrelTiont pre-te predCto. The trnn andasvwerse

generauctthermal/structuralibresponse trendsoiwerebdetermined.

A monlithc. T-6Al4V pnel as faricaed ad teaerto was H gr epeatere sthan a e ipetrued.Lodtathsion this direction arem

Testing was designed to subject the panel to uniform tempera- cnitical due to the build up of thermal stress from therm'al surface

tures and gradients that simulated vehicle conditions. One of gradients.
the significant challenges in the airframe design is large thermal
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Load vs Strain804

Load 4 040 - -

(kips) - -0

--- SG 42
20 -0- SG78 Model Statistics

- Analysis Nodes 6843

IT , II I0uads 7673 1

0DOF's 48000
-1,000 0 1,000 2,000 3,000

Strain - pE GP3"O-334V

Figure 33. Monolithic Titanium Panel Test Results

GP34-064-34

Figure 34. TMC Buckling Panel With Instrumentation

The final buckling panel test article was designed to address the thermal stress at elevated temperature and was relieved when
evolving material and design development. The Brazed Beaded the skin deformed into a wave panern. Beads are used to elimi-
Beta Buckling (BBBB) panel, shown in Figure 35, used the Beta nate the transverse thermal stresses and control the
or TimetTm 2 1s matrix system with SCS-Q fibers and hat stiffen- deformations. An added benefit is that the initial axial buckhng
ers were brazed to the skin. The key design change from the load is increased. This panel is currently under test at Dryden
TMC buckling panel was longitudinal skin beads aligned above Research Test Facility in Edwards, CA. Initial results from
the hat stiffeners. From the flat panel testing, significant stiff- room temperature testing match pre-test predictions within 5%•.
ness in the transverse direction was observed causing a build up
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Two main objectives were successfully demonstrated during the
test program conducted at Wright Lab in Dayton Ohio. First. in
plane shear loads were applied to verify that the midframe joint
was adequate. The joint performed as expected and no anoma-
lies were noted. Secondly, repeated exposure to an ascent heat-
ing profile was investigated. Since the article was not protected
with an oxidation resistant coating, elevated temperature testing
was conducted in a helium environment. The article was cycled

...........- ..•.4, :.• over 100 times to 1300* F The majority of the high temperature
instrumentation did not survive but the panel looked very good.
A slight surface waviness very similar to pre-test predictions
could be seen. Some cracks were also identified in the spotweld
nuggets.

LIGHTLY LOADED SPLICE SUBCOMPONENT
(LLSS)

The 2.5 foot by 5 foot Lightly Loaded Splice Subcomponent,
shown in Figure 37, is another article which represents a typical

Figure 35. Brazed Beaded Beta Buckling Panel fuselage joint between two hat stiffened panels. Critical design

features demonstrated in this article are an all TMC curved
THERMAL LIFE CYCLE (TLC) PANEL frame, smooth moldline transition, hat and skin joggles, com-

The Thermal Life Cycle panel is designed to simulate a typical bined SCS-6 and SCS-9 fibers, brazed hat/skin panels and

fuselage skin panel joint and demonstrate the durability of oxidation coating. The iidframe spiie. illustrated in Figure

TMC. The 3 ft by 3 ft panel is comprised of two hat stiffened 38, is the most complex joint of any TMC demonstration hard-

panels joined by a midframe splice. Panel components are ware. The curved frame consists of several preformed TMC

shown in Figure 36. The hat stiffened panels are approximately parts that are diffusion bonded together to form the 80 inch

1.5 inches and stiffeners are spaced about every 3.5 inches. The radius frame. Moldline smoothness across the joint is critical to

SCS-6/ Tit 15-3-3 TMC components are spotwelded together. avoid excessive temperatures from aeroheating. Joggles in the

The midframe joint consists of two splice plates, one attached skins, hats and the upper splice plates are required along with

to the skin side of the panels and the other connected to the hat countersunk fasteners to achieve this requirement. Shear clips

side. In addition to providing load path continuity across the are used to provide good shear continuity from the hat stiffeners

joint, the splice plates serve as the frame caps. An inverted hat to the frame. The Beta or TtmetTM 21 s matrix is used throughout

is used as the shear web of the frame and is connected to the the article and is combined with either SCS-6 or SCS-9 depend-

upper and lower caps. This configuration is identical to the fuse- ing on structural component requirements. Hats are brazed to

lage design of the Integrated Fuselage/Cryotanik article. skin panels resulting in a 80 inch radius curved panel using the
process describe previously. A protective coating was applied on

Bottom Top
Nile Midframe Midframe Midtrame
Beams Cap Channel Cap

Splice Corrugated Corrugated 68' 16 v

Plates Panel Panel

Figure 36. Thermal Life Cycle Panel Components



2-2o

GP34-068"7-3V

Figure 37. Lightly Loaded Splice Subcomponent Represents NASP Fuselage

Mold Line

Curved TMC
Build-Ups Frame

Hat-Stiff eners GP3-oe6a-36-V

Figure 36. Frame Splice Provides Smooth Moldline

all surfaces to prevent oxidation at elevated temperature. Figure 40. Over 66 tests have been completed representing
Final assembly is accomplished from oiue-aide access, as combined thermal/rnechanical flight conditions. A maximum
shown in Figure 39, to demonstrate vehicle assembly. temperature of 1500* F was achieved with no adverse effects.

The artcle was subjected to ultimate mechanical load at two
Testing of the article under axial compression load and transient design conditions. 990*F and 1 1400 F, with no observed damn-
thermal conditions is complete with the exception of the test to age. Deflections and strains were low as expected with a critical
failure. Accomplishments of this testing am summarized in failure mode of local buckling.
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GP34-0684-39

Figure 39. LLSS Final Assembly Using One Sided Access

6 6 T ests Completed

*Co",bno'd Machanscal/Thermai ConditionS
*5 NASP Pop'oenetat~ve Design Concitons Simulated

*Adtvancou Hgh Temperature Strain Gaiges Demonstrated

*Beta ?!s Denrronstrated to 1,500F ~

Figure 40. LLSS Accomplishments

MAJOR ASSEMBLIES TMC WING TORQUTE BOX

One major TMC assembly is currently in work and two have The TMC Wing Torque Box is an all TMC. built-up smtr
completed assembly and test. They are the TMC Wing Torque representing the root section of a highly loaded aerosurface. as

Box developed under MDC MRAD, the Full Scale Assembly shown in Figure 41. A Ti 15-3-3 matri~x matenia. is reinforced

(FSA desiged and in fabrication as part of the NASP Phasee 2D with SCS-6 fibers. It is the largest. thick laminate TMC strhc-
effort, and the Integrated Fuselage/Ctyotank Article designed ture ever built measuning 8 feet long by 4 feet wide, with a depth
and budi in a copraise effort between NASP and MDC and varying from 14 inches at the root to 5 inches at the tip. Internal
tested under the NASP phase 2D program. stiffenting is provided by provided by 4 inboard/outboard spars,

shown in Figure 42. Two 8 foot main spars located in the center



of the artucle run root to tip and two 5 foot edge spars close out one piece TMC skin, with a thickness varying fror .22 inche-
the leading and trailing edges. A 9-bay "box" is formed by to .14 inches are atta ed on the upper and lower surfaces to
intercostals between the main and edge spar members. Large for,, the complete structure.

• TMC' Structural Design

* TMC Ful' _cale Part Fabrication

* Elevated Tet,.parature Testing

-- \

Figure 41. TMC Wing Torque Box Represents Wing Root Section

Inboard Hinge Fitting

Inboard Back-Up Fitting

TMC 96 in. Spar Beam OuFitting

Center Back-Up Fitting TMC Upper Skin

TMC 60 in. Spar Beam

TMC 60 in. Spar Beam

SVTMC Intercoastal

TMC Lower Skin -s1

Actuator Fitting

GP34-O68442-V

Figure 42. Wing Torque Box Components
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Many of the TMC fabrication process steps previously Figure 43 shows the test set-up at Wright Lab for combined
described were developed and refined for this article. Spars and mechanical and elevated temperature testing. Testing was
intercostals are I-beam configuration and are fabricated using a designed to complete room temperature testing first to effi-
two step process similar to the one used on the LLSS curved ciently utilize low temperature instrumentation before proceed-
TMC frame. Webs of the spars are formed with two C-channels ing to high temperature conditions. The article failed at 100%
placed back-to-back, and additional laminates are placed on top design limit loads at room temperature. Shown in Figure 44 are
of the channels to create the I-beam caps. Extra titanium foil is strains in the radius area where the failure initiated. The interac-
inserted between mating surfaces to facilitate good bonding. tion of stress concentration effects around the spindle region
The spar is diffusion bonded in the same HIP unit used to con- resulted in excessive strains and caused the failure. Insufficient
solidate the TMC laminates. Spars and intercostals are cut and material characterization in early design phases also contributed
trimnmed using the wateijet. diamond wheel, and EDM pro- to the failure. A smaller version of the article with different
cesses described earlier. Over 1000 mechanical fasteners are boundary reactions is currently being developed and testing of
used to join spars, skins, and intercostals. the mndified article is scheduled for next year.

Figure 43. Test Set-Up for TMC Wing Torque Box at Wright Lab
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900

Test No. 4
Mach 0.8, Room Temperature

10,000

450 Gages at Radius "

No. 152A on Lower Skin 9
r No. 1, on Upper Skin E

5,000 -Lower Skin Gage 1 52A-Fowr

Strain

p in.An. 0 Gage No. 152A - lower skin
13 Gage No. 1 - upper skin

0: • J I- Fine ABAQUS nonlinear, post-test

. Fine NASTRAN Linear, Pre-Test

-5,000

0 20 40 60 80 100 120

Applied Load - percent of Design Limit Load
GP34-0SA-4-V

Figure 44. Strains In Corner Radius of Wing Torque Box

FULL SCALE ASSEMBLY (FSA) consist of various build-ups of SCS-6 and SCS-9 / Beta or
Tunet'r 21s TMC. A large portion of the skin is a 3 ply lami-

The Full Scale Assembly is the latest TMC article being devel- nate. Anomalies caused by separation of the fibers during pro-
oped by the NASP program. The article is representative of a cessing, referred to as "fisheyes" have been observed.
full scale section of the upper fuselage measuring 10 feet wide Modification of processing parameters and improvements in
by 12 feet long and demonstrates two different frame concepts. layup methods have eliminated the "fisheyes" in test laminates
A manufacturing breakdown of the article shown in Figure 45 and a full scale skin is in production.
depicts the number, shape and size of assembly components.
Hat stiffenersarejoinedtoskinswith sporwelding. Large,8 foot As large articles like the FSA are produced, assembly tech-
long panels. shown in Figure 46. are used to demonstrate an niques are being refined and lessons learned for the use on the
integral frame concept where a build-up in the skin serves as the vehicle. Figure 48 shows the assembly tool used for the FSA.
upper frame cap. The joint between the 8 foot sections and the This tool is modular and not only serves at the final assembly
4 foot sections is a more typical splice. The joint is shown in platform but is also used as a spotweldjig for individual panels.
Figure 47 as well as the link fitting which provides interface to Drilling techniques used on the LLSS and TMC Wing Torque
the cryogenic tank through thermal isolation links. The link fit- Box will be used on the FSA.
ting access holes are covered by structural TMC access plates The FSA will be tested under combined mechanical/thermal
or covers.

conditions representative of flight environments. Test planning
One significant challenge addressed with this article is the and fixture development work is ongoing at Wright Lab in
scale-up of large thin laminate TMC. The 4 foot by 8 foot skins Dayton. Ohio.
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Splioe Strap-,, 
ae

3x 8 Panel

Splice Strap-"

4~ ~ ~ ~ Framee atFrm
Splicee Strap

3 x 4 Panel Slo ta

GP34-0684-45-V

Figure 45. Full Scale Assembly Manufacturing Breakdown

Hat Stiffened TMC Panel TMC Panels/Hats In Assembly Jig
3 ft by 3 ft

Figure 46. Spotwelded Full Scale Assembly Panels



2-26

Exterior Frame Strap

Frame Splice Concept
s(As Assembled)

o ; o •Access Panel

Frame Splice Concept•'" •"

(Strap and Access Panel Removed)

TakInterface Ftting

Fuselage Panel

TMC Hat
Stiffeners

Panel Closeout Channels Go8•~

Figure 47. Full Scale Assembly Joint Addresses Critical Requirements

Figure 48. FSA Assembly Tool and Spotwelding Jig
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INTEGRATED FUSELAGE.CRYOTANK ARTICLE cryogenic tank which are integrated as shown in Figure 49. The
(IFTA) fuselage component shown in Figure 50 measures approxi-

mately 8 feet long by 8 feet wide and 4 feet high and is built-up
The principle demonstration article developed for the NASP from eight curved TMC skins and four flat skins. More than one
program is the Integrated Fuselage/Cryotank article designed hundred TMC hat stiffeners were fabricated and attached to the
and fabricated by McDonnell Douglas and tested under the skins with spotwelds. An internal view of the fuselage is shown
NASPPhase 2Dprogram. The article isrepresentative of an air- in Figure 51. The Ti 15-3-3/SCS-6 TMC material system was
frame section including a TMC fuselage and carbon/epoxy used for this article.

0-'

Cryotank Fussing* G3 "

Figure 49. Fuselage and Cryotank Are Integrated

STMC (SCS-.6M 15-3)

./ Ti 6-4 Trus
. Ti 62425 or XD Ti Bulkhead

SINCOLOY 909

_ A286

TMC Skin/Stiffeners

48 in.

88 in. 
9 n

Figure 50. Fuselage Material Distribution
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GP34 0684.51

Figure 51. Internal And External Views of IFTA Fuselage

The midtrame region of the article was identical to the Thermal fuselage to be moved The tank is showi ieady for insertion in
Life Cs,.ic p:c•ic; 1and .'.J,-ied a ty.p,,,u pijel to panel splice Figure 53.
as shown in Figure 5. Fasteners holes were prepared by punch-
mg and reaming along with drilling. The majority of the TMC The article was tested under combined thermal / mechamcal /
,as thin dess than 9 plvs,; and did not present major assembly cryogenic conditions that represented critical design environ-

problems Final assembly of the panels required large assembly ments. The TMC fuselage shell was heated to 1300' F while the

tigs to hold accurate tolerances. Especially since the panels had cryogenic tank contained over 9(X) gallons of hquid hydrogen
to be mate drilled, removed for painting, and re-assembled. An at -420'F The result was the most realistic test for a NASP sys-
adaitional complexity was the insertion of the cryogenic tank tern yet. Testing of thi, complexity required the integration of
into the fuselage. This procedure was accomphshed by mount- many operational sstem as shown in Figure 54. These systems
log the assembly jig on rails which allowed one end of the were designed and implemented at the McDonnell Douglas

Cryogenic Test Facihty located at Wyle Labs in Norco CA.
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Tank Support Fitting (Ti-"-)IneFrm

G.P34-O0gd-5.V

Figure 52. Frame Splice Joint Used In IFTA Fuselage Article

Figure 53. Cryotank Ready for Insewtion Into TMC Fuselage
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GP34 0684 54

Figure 54. Systems Required for Integrated Testing

Testing verified that the TMC hot structure fuselage shell con- instrumentation performance. Spotweld attachments showed
cept could meet NASP requirements assa complei system. The no indication of failure from visual inspection. but more
stiffened structure performed weUl under both thermal and detailed NDE is planned.
mechanical load conditions. Mechanical response correlated
with pre-test predictions and analysis tools, shown in Fiue 5 A summary of the testing accomplishment is presented in

while elevated temperature conditions followed expected Figure 56.
trends, but could not be quantitatively correlated due to poor
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L.GO -2Iw4. PSI -4ts". Pat AXIS 963*0O tinl. Psi.
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Figure 55. Analysis Correlation to IFTA Test Results



research has developed techniques and processes to success-
fully fabricate and assemble complex structures. Testing has
validated design performance and in certain circumstances

identified areas where even lighter weight concepts are pos-
sible. The overriding issue facing TMC material systems

illustrated in Figure 57. is not performance, but cost. New

procedures that will significantly lower TMC cost are needed
f4___. tit,_ to make the system viable for more appblcations.

ý es~s C'ee"*ecaar c ý.T-e-at Cyxj!qeric ve•' Ce S"', a'ed Summary of Titanium Matrix Development
*, -"•"(- D.a .'a,,,e' Ccr-,si'" of " Cesae• _____________________________

800 P Max Ge,,a 6: S re 30( • a * Advantages of TMC Are Low Weight and
"e8C aýij' "I' High Temperatures

G •G• Corei3t-re lA An, s Us s
SDaa 's,, Ve,: e Des '-•,a -so " * Foil/Fiber Processing Is Widely Used

for Large Structures

Figure 56. IFTA Testing Accomplishments - TMC Manufacturing Techniques Exist

CONCLUSIONS and Are in Use

Titanium Matrx Material systems are candidates for large - Large Hardware Demonstrates

structures to achieve high payoff results. The benefits of TMC Material Scale-Up

are high temperature capability at very low weight with good * Mechanical/Thermal Testing Validates
reliability. Development has progressed from small coupon Structural Capabilities
samples for materials research to simple structural forms such
as hat stiffeners with final applications large enough to be used GP34-084-5,-V

as subassemblies for hypersonic vehicles. Design and analysis Figure 57. TMC Development Conclusions

methods have produced feasible designs. Manufacturing
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SCS-6' FIBER REINFORCED TITANIUM
by

Jim Henshaw
Textron Specialty Materials

2 Industrial Avenue
Lowell

Massachusetts 01851

1.0 Introduction United States

The low weight structurally efficient
"SCS-6 TM Fiber Reinforced Caebon
Titanium," as produced by Textron Monofilament
Specialty Materials, is a material
awaiting the development of
production applications. A multitude
of airframe and engine parts have
been produced for test and
developmental purposes and a
production facility has been
established to fabricate preforms,
intermediary products and component
shapes.

Double Layer
Surface Coat ing

2.0 The SCS-6TM Reinforcing Fiber

As discussed herein the continuous Figure I
Cross Section of a 140 Micron

fiber reinforced titanium utilizes a Diameter SCS-6 Filament
140 micron diameter silicon carbide
monofilament. This fiber, designated
as SCS-6TM and specifically
constructed for reinforcement of
titanium, is produced by the
conventional chemical vapor beta silicon carbide and hence
deposition (CVD) using an especially increase its strength, and (b) to act as
fabricated 33 micron diameter carbon a sacrificial layer to aleviate stress
substrate filament that acts as a concentration effects resulting from
nucleation site for the growth of the the fiber to matrix chemical reactions
silicon carbide material in the CVD that occur during high temperature
reactor. Through speed, deposition consolidation. The strength of the
rate and other factors control the fiber is controlled to a minimum
resultant filament diameter. Figure I average of 500 ksi, while
illustrates the cross section of the 140 demonstrating a typical individual
micron diameter SCS-6 fiber, average strength of (600 ksi) and a
showing the carbon monofilament coefficient of variation of (13.9%).
substrate, the various graduated A histogram for a particular filament
layers of silicon carbide, and the well production period is illustrated in
known double layer surface coating. Figure 2. For those who prefer the
This surface coating has two Wiebull analysis, this data converts
purposes, (a) to essentially heal the to a Wiebull modulus of 9 at a 99%
irregular surface of the crystalline confidence level.

Presented at an AGARD Meeting on 'Characterivation of Fibre Reinforced Titanium Matrix (Composite3 September 1993.
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600 Ksi Ag.Temile StirWh
Figure 2 13 .9% Coedf. of Variance

HISTOGRAM of SCS-6 FIBER 3079
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A particular attribute of the titanium produced experimentally. Figure 4
composite material is its ability to shows various experimental filaments
retain its high strength at elevated that are being produced in diameters
temperature. An important factor ranging from 50 microns to 180
here is the high temperature microns. In some cases reducing the
capability of the SCS-6 fiber, where diameter of the carbon monofilament
as shown in Figure 3, high strength to 20 microns.
is retained to above 1000"C-- above
the requirement for the conventional Currently the Textron silicon carbide
titanium alloys as well as for the fiber production plant is capable of
developing family of titanium producing more than the minimum
aluminides. quantities of fiber needed to satisfy

present day research and
As indicated also in Figure 3, the development requirements. The
silicon carbide vapor deposited capability of the plant in its present
monofilament is capable of further configuration is over 1000 lbs of
development. In the case illustrated SCS-6 per year. This can be
a higher temperature capability has increased to to over 10,000 lbs/year
been obtained which together with by relative minor additions to the gas
improvements in creep strength will recovery systems and the addition of
prove attractive for ceramic the necessary modular reactors.
composite materials. Also other
filament diameters are being
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Figure 4
Teas Experimental Silicon Carbide FibersSewwh at • S8-6
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Figure 3
Fiber Tensile ýtrength at Temperature

3.0 Titanium Composite Fabrication

As a result of many years of
development effort, SCS-6 Titanium 112 Micron Diameter
composite fabrication techniques are
well established. In general the
techniques are directed at the solid
state high temperature/high pressure
consolidation process. Here the fiber
is immersed in, or layered within,
titanium metal and by the process of
pressure and heat the titanium is
bonded to the fibers to form a quasi
homogeneous material. Three
methods of applying heat and
pressure are used for fabrication of 180 Micron Diameter
•Cq-6 Titanium shapes. These are
illustrated in Figure 5. The most
common consolidation technique
used to-date is Hot Isostatic Pressing.
In this case, using a shaped tool, a
pressure membrane and a vacuum
environment, the fiber and titanium
metal are subjected to the hot
isostatic gas pressure which acts on
the thin membrane to consolidate the
composite to shape. Alternatively;
two direct mechanical pressing
techniques are available, using either
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Figure 5SCS-6/Titanlium
Consolidation Methods

Metal Sheathed
Membrane Fiber Preform

Vacuum
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Hot Platen Press Cast Tape Preform
4 = (Resin Binder)

Helical Wound Preform

I

a vacuum sealed chamber with a large number of parts. However,
radiant heaters or a resistively heated the direct mechanical pressing
platen press where the composite is technique offers in some cases a
sealed in a vacuum membrane lower cost approach for smaller
enclosure. simpler shapes that require less total

pressing tonnage.-- Specifically
As stated previously the HIP process engine disks and blades.
is as of to-date the most universally
used composite fabrication technique. For each of the fabrication techniques
This is primarily due to ease of described above, a method of
molding large complicated shapes as collecting the metal and the fiber
well as the potential for low cost tc ý!her in a preform is used so as to
where one HIP run can accomodate t re installation of material into

d I nil Ilmdmmmudm~mI
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the mold or press. Various type of "fabric with titanium foil" or
preforms are available as :iown in "filaments layed into spirally grooved
Figure 5. In each case they: represent titanium foil") for fabrication of thick
varying stages of preform walled rings.
development, or are developed for
reduction of fiber movement during Whereas the originally produced SiC
consolidation, or directed at the Titanium composite shapes utilized
fabrication of specific shapes. The only the standard 6.4 titanium alloy,
most commonly used preforms to- much progress has been made with a
date are the foil-fabric and the number of other systems. Table 1
plasma sprayed tape. Each of these summarizes the experience to-date
are capable of producing large area with various alloys, their associated
sheet preforms and have been used preforms and compositing experience.
extensively for production of many
shapes. Plasma spray techniques have .. ...... ..
also been used to TMC Materials & Processes Status
directly deposit the Table I ... ..

metal onto the fibers E,,.b.,bed Dýeelopnea, Eapen,*a*a, Co,.,

for insitu construction SCýS,-oa Prefor,.
Fabric Crossweave Materials

of irregular or thick Ti-• xMO

walled shapes. N-, xT
Recently a competing B.21S X • a ,,. •cxpcntents

m ~ra Sprayed! Preformcast tape prepregg has T ,,y ,
been devloped using T6-2-42 X

Ti- 14-21

titanium powder Adv Alpha-2 & Beta Aloys X
Orthorbombic X

embedded in a resin
Cost Tape Preforms

binder to produce a Alloy C X

very pliable sheet 6242 
X

Fabric/Foil Compositinf X
material similar to an ss-&,f,'T- x

- S 6/T- 15.3Xorganic prepreg. scs-2.s x
-scs-6&r.6-24-2 x

- SCS-6/Ti-14-21 X lnconsisent Results

The seathd or SCS-6/Adv AMplsa-2 & BetaThe sheathed or A] sc-,X.•h-
coated fiber approach
(sometimes called the Plasma Spray Compoiing

-SCS-6/T -6-4 X .panels Fahncatcd

fat fiber approach), SCS-6/T:-6-24-2 X Panels & Shps Fa,•ncated
-SCS-6/- 14.21 X Pculs & Shhapes Fabrcatedwhere the metal is SCS-6/Adv Alpa-2 Dcta
Alloys X • ;x ( hut, l aJa Resultsdeposited onto the s Orho:,torb,• X poo, Reults

fiber by the sputtering Cast Tape Compo,,ti-n

or electron beam - SCS-6rTt Alloy C _ _ _ •_ _ Ima_ Results

evaporation methods, is in the early
stages of development. This is 4.0 Fabricated Shapes
proving very useful for single
filament winding techniques that can During the last two years or so. over
be used for the fabrication of rings or 4,000 lbs of SCS-6 Titanium
for the production of complex composi'," shapes have been
surfaces. Finally the hJically wound fabricated for development and test
preform is available in a number of purposes. They, as Jown in Table
variations (using specially wound 2, -ange from large flat and curved
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SCS-6Tnnflaum Fabricated Shapes
Table 2

Shape Cemmens

I-Beams Up to 13 feet long, 10 inches deep
* Tapered flanges & height
* Tapered thicknesses9 0"*t±45" caps and webs

Cylinders • 8 feet long, 4 inches dia. compression
tubes

I 1 inches dia., 12 inches long
engine links and power shafts

* 4 feet long, 4 inches dia. turbine power
shafts

Disks • Helical wound disks for reinforcement
of turbine compressor disks

10 inches dia., 0.20 thick

Flat I I feet x 8 feet x 02 inches thick
Plates Many fibe: architectures

Tapered thicknesses

Panel 8 feet long
Stiffeners • .

'0±45'
0'±30'

Curved 4 feet x 8 feet x 0.05 inches thick
Plates Many fiber architectures

* Tapered thicknesses

plates to complicated shapes such as • Fabric weaving looms
turbine disks, hat shaped stiffeners a Laser jet foil and fabric
and long tapered height/tapered preform cutter
thickness wing spar beams. * Clean rooms for composite

preform assembly
• Tool preparation rooms
* Computer controlled tool

5.0 TMC Production Facility welding equipment
* Five axis water jet cutter for

A 50,000 square foot facility has tool breakdown
been recently established at Textron * Offgassing equipment
by the National Aerospace Plane * Three dimensional co-
program office for production of ordinate equipment
SCS-6 titanium shapes. In this • Acid Cleaning facility
dedicated facility are all, except a XRay & Ultrasonic NDT
HIP, of the facilities and equipment equipment
necessary for production of titanium • CAD support equipment
composite shapes. Included are: * Vacuum Hot Press
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PROCESSING OF TITANIUM MATRIX COMPOSITES

E A Feest & J Cook
AEA Technology

B528.10 Harwell Laboratory
Didcot, Oxon OXI I ORA, UK

SUMMARY monofilament source was being developed in
Germany through the initiative of Dr P E Gruber,

European experience in the processing of first at the Forschungsinstitut Berghof and then,
monofilament reinforced Ti matrix composites is with Berghofs demise, at his own company Sigma
briefly reviewed. Results on fibre coating Composite Materials. At this time the Sigma
developments on foil-and PVD-based processing product had good strength and stiffness properties,
routes are presented. Issues addressed include fibre but was not appropriate for incorporation or use in
handling, fibre property measurement, residual titanium-based matrices. Other technologies
stresses in fibre and matrix, fibre coating required for a successful MMC development were
formulation anddeposition, MMC consolidation and also being pursued. These included MMC
composite properties. Progress towards consolidation studies, eg. at DLR (eg. Ref 2),
economically viable matrix deposition via sputter interfacial reactions, eg. at the Univ. of Bordeaux
ion plating is reported. (eg. Ref 3) and fibre coating developments eg. at

ONERA. Potential end users were also testing US-
1. INTRODUCTION sourced MMC material with a view to addre"sing

design issues. In general, however, these studies
This contribution aims to bring together elements of were being carried out in isolation rather than as an
recent European experience in the processing of integrated project aimed at industrial exploitation.
monofilament reinforced titanium-based matrix
components. Emphasis is given to projects and In 1985 the CEC's BRITE programme provided a
initiatives in which the authors have had a direct framework for accelerating the development of a
involvement and to results which have not been European source of titanium-based matrix MMC.
previously published. It thus makes no claim to be A consortium comprising laboratories capable of

a comprehensive review of current processing mobilising all the necessary technologies together
options, for which the reader is referred elsewhere with a group of sponsoring companies with ultimate
(eg. Ref 1). interest in supply or use was assembled to bid for

a project on "The control of fibre matrix
2. EUROPEAN INITIATIVES IN THE 1980's interactions in SiC/Ti MMC". The make-up of this

consortium, the way it was assembled and logic

The initial stimulus for development was, as behind its formulation have been presented
elsewhere, centred on potential aerospace elsewhere (Ref 4). The main working laboratories
applications such as aero gas turbine compressor in the original consortium were:
components or hypervelocity plane structural
components. These are characteristically high Harwell Laboratory, project prime, (now AEA
technical risk, high pay-off applications and thus it Technology)
was not surprising that most significant ONERA
development was centred on projects involving DFVLR (now DLR)
national aerospace research establishments in Sigma Composite Materials
countries where there were existing industrial
engine manufacturing interestsor planned aerospace Funding was 45% from the CEC and 55% from 14
plane initiatives, subscribers from 4 countries, and including potential

makers, users and competitors.
Silicon carbide monofilament was considered to be
a key enabling material which would form the basis The main results of the arising project, P1204, are
for the fibre optimisation and MMC process summarised in the following section. Further
development activities which would be required as details are given in Ref 5.
precursors to any materials evaluation programmes.
In the early 1980's US-sourced monofilament was
not freely available for such activities. However, a

Presented at an A(;A RD Meeting on 'Characterisation of Fibre Reinforced Titanium Matrix (ornipovites :eptieiber I(4 3.
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3. BRITE PROJECT P1204 experimental results on coating assessment and
selection. Vacuum heat treatment experiments on

3.1 Mission uncoated Sigma fibres showed that whereas thermal
The project was aimed at developing and evaluating exposure at 600°C had no significant degrading
on the laboratory scale an improved version of the effect on tensile strength, appreciable drops in mean
Sigma fibre for use in titanium-based matrices, tensile strengths were observed after similar
Clearly this involved a number of inter-related exposures at 9000C. This degradation was initially
milestones related to identifying degradation attributed to a possible reaction between the W core
mechanisms, postulating and evaluating means of and the SiC CVD deposit. Since the temperatures
overcoming degradation and developing coating and were within the regions envisaged for both
consolidation processes. It also aimed to produce composite consolidation and CVD retro-coating
and evaluate larger scale composites. The latter within the project, further investigations were
objective was dropped at the mid-point review in undertaken to determine the extent of reaction
order to concentrate all available resources on the between the W core and SiC deposit. In one study
fibre development task. amorphous SiC was sputter ion plated on the

tungsten heater of a high temperature x-ray chamber
3.2 Preliminary scoping and the evolution of x-ray patterns was monitored
Key findings were: as a function of thermal exposure. Some reaction

product started to form at 810'C after 10 minutes
- confirmation of the need for an interfacial holding time and Fig I shows the temperature and

barrier time dependence of the reaction kinetics measured
- clarification of the significance of the in this way. These experiments were backed up by

W/SiC interaction within the fibre tensile tests on uncoated Sigma fibres which had
- measurement of high levels of residual been vacuum heat treated for I hour at 1000'C.

elastic strain within the fibre and matrix Optical fractography of the break ends of the
constituents fractured fibres showed however that all the fracture

- the importance of handling damage and initiation sites were identified with surface defects
test method standardisation in fibre testing. and none with the W core/SiC deposit interface.

Thus, whilst some W/SiC is initiated at as low as
Experimental contributions to these findings 810'C, the reaction becomes rapid only at
included those described below, temperatures greater than -~OtO0°C and therefore was

not of concern for the retro-coating temperatures
Concerning the need for an interfacial barrier, envisaged in the project.
Auger scans showed that the Avco SCS-6 coating
prevented Ti reaching the underlying SiC at 9000C Because of the integrated nature of the work in the
whereas reaction zones were evident between different laboratories involved in this project a
uncoated Sigma fibre and Ti alloy matrix at 850'C. rigorous intercomparison exercise was carried out
Fibre testing and MMC fractography indicated the on the test methods used by three of the
importance of a weak interface within the 'coating' laboratories. Initial experiments showed the need to
regions of the fibre to decouple the load bearing avoid the use of jigs with stiff compliance and
component of the fibre from failure in the coating hence sensitivity to misalignment. Key results are
during handling and service. The formation of a summarised in Table I. Similar results were
self-diffusion barrier layer of fine grained TiC at obtained on other fibre variants. A gauge length
the interface between Ti matrix alloy and an outer sensitivity was evident as expected. Sampling size
coating of pyrocarbon appeared to be an important effects were also measured by two techniques both
contribution to fibre survival. The beneficial effect of which indicated that 20 was an adequate sample
of a pyrocarbon coating alone was confirmed in the size from which to determine valid strength values.
experiments summarised in section 3.4 below. This intercomparison exercise highlighted the
Some indicationson matrix composition dependence sensitivity of the uncoated Sigma fibre to handling
were given by the observations of preferential damage. Experiments simulating the handling
attack of carbon rich coatings when in contact with sequence encountered before the effect had been
the •i, as opposed to (x. phase of an adjacent Ti-6AI- isolated showed that a -40% decrease in fibre
4V matrix strength could result from such handling.

It was necessary to investigate the kinetics of the Given the large thermal expansion mismatch
W/SiC reaction to indicate its potential influence on between fibre and matrix and the high MMC
service performance and also, more pressingly, to consolidation temperatures, large residual stresses in
ensure that it did not distort the significance of the fibre and matrix are to be expected. These were
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measured using neutron diffraction experiments on programme was therefore ained at trying to

composite, monolithic matrix alloy and accomplish the recommendations laid out in this
unincorporated fibre. Experimental points for shift thermodynamic study.
of a matrix alloy peak are shown in Fig 2. The
study showed, as expected, residual compressive 3.4 The efficacy of carbon coatings
strain (and therefore stress) in the fibres apd c:.biie Durinb V-:: ._-aoing decvelopment airned it the
stress in the matrix. The latter was at a significant recommended duplex coating systems, single layer
level compared with the yield strength of Ti-6A1- carbon coatings were investigated. At this stage
4V. These results have a bearing on the four coating processes were under investigation, viz:
interpretation of mechanical test data and on the low pressure CVD (retro), high pressure CVD (on
prediction of service performance particularly under line and retro) and PVD (retro). The low pressure
the anticipated thermal cycling regimes. CVD carbon produced a 7% drop in fibre strength

on coating; the fibre experiencing an elevated
3.3 Prediction of protective coating systems temperature at the start of the deposition process.
A thermodynamic assessment based on published The lower temperature PVD and high pressure
thermodynamic data was carried out to predict the CVD processes both demonstrated the beneficial
phases that can co-exist at temperatures relevant to effects of carbon coating on the intrinsic properties
MMC fabrication and use, taking account of the (mean failure strength) of the fibres and also on the
influence of relevant matrix alloying elements. The resistance to degradation on heat treatment. Carbon
results were summarised in the form of coating alone also improved resistance to
predominance area diagrams, such as that shown in degradation by titanium. For example the high
Fig 3, from which predicted reaction zone pressure CVD carbon produced a 17% increase in
sequences were derived as illustrated by Fig 4 fibre strength on coating with a 1.25gtm thick layer
which represents the situation for both carbon-rich and a 70% rule of mixtures composite strength (cf.
and stoichiometric SiC fibre surface formulations. 40% for similar composite using uncoated fibre).
These diagrams were used as the starting point for Key results of thermal exposure tests are
a detailed thermodynamic study for recommending summarised in Table 2. These experiments showed
promising coating interlayers for protecting the that even a sub-micron adherent carbon layer
Sigma fibre in a Ti-6AI-4V matrix. Key substantially enhanced the intrinsic quality of the
requirements were that components should have a Sigma fibre and also improved its resistance to
high chemical stability and that at least one of the thermal exposure in N2  and Ti vapour.
elements in the compound should have a very low Handleability, as demonstrated by resistance to self-
solubility in Ti. Two coating interlayer systems abrasion, was greatly improved even with an
were recommended: a titanium carbide based extremely thin (50nm) coating of carbon. Some
system and a titanium boride based system, see (Fig degree of protection against reaction with a
5). Both use a carbon layer immediately on the titanium-based matrix could be achieved by
surface of the fibre prior to the layer of carbide or allowing a natural TiC reaction zone to form around
boride. The coating systems were designed to the carbon coated fibre.
provide a structure in which each layer of the
coating was in equilibrium at its interfaces with the 3.5 The efficacy of duplex coatings
adjoining layers - a coating structure with a Whilst the developments of carbide and boride
minimised tendency to react. Chemical potential coatings by CVD techniques were set in train, the
gradients will however still cause the elements to responsibility for demonstration of the effectiveness
diffuse as indicated in Fig 5. In the case of the of the duplex layer concept fell to the PVD process
boride-based system the carbon layer was not because of its relative versatility and comparatively
needed for thermodynamic reasons; it was included low development time. Preliminary experiments
to provide an interface that would protect the fibre had examined the comparative suitability of reactive
surface from reactive chemical species (titanium) sputtering (carbon introduced via introduction of an
during coating and provide a weak interface to argon methane gas mixture) and dual dc sputtering
allow the fibre, when necessary, to detach itself (carbon introduced by sputtering from solid graphite
from the coating. In the titanium carbide based cathode plates). The latter was used for the duplex
system the carbon layer was also needed to take carbide system experiments because it was
part in the reaction dynamics. Of the two systems compatible with the initial carbon deposition stage
the boride one had the greater promise because of and because of its comparatively simple rig
a lower solubility in titanium of boron compared configuration. It had the additional advantage of
with carbon, and a lower rate of diffusion of boron being compatible with a system for depositing the
in titanium and TiB2 compared with carbon in matrix alloy around the coated fibre. A sputter ion
titanium and TiC. Coatings development within the plating (SIP) coating rig was therefore modified to
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comprise two interconnected coating chambers, one 4. SUBSEQUENT PROCESS AND PRODUCT
for the C/TiC coating sequence and the second for DEVELOPMENT
overcoating with Ti-6AI-4V matrix alloy.

Clearly the most direct industrial development of
Composite wires produced in this manner achieved the concepts demonstrated in the above BRITE
90% of rule of mixtures mean strength after heat project occurred through the establishment of the
treatmentunderconditionssimulatingrepresentative Sigma operation within BP Metal Composites - BP
consolidation heat treatment schedules. In general having bought out Sigma's SiC fibre technology
heat treatment times in excess of 1 hour however midway through the project. BP Metal Composites
caused embrittlement of the matrix and reduced has productionised some of the coating concepts
strength of the composite wire. Fibres coated with and developed a scaled up foil based MMC
the C/TiC sequence were also consolidated into processing route using advanced fibre placement
composite monotape tensile samples and these technology and HIP consolidation. This product
achieved tensile properties at least as good as those development is dealt with elsewhere in this
of monotapes processed using a similar volume Workshop (Ref 6 on processing and properties and
fraction of Avco SCS-6 fibre. Ref 7 on product uniformity and test technique

development).
The boride-based protective coating system was
demonstrated using a high pressure CVD technique. The authors are aware of two other current process
The depositions of a boron-rich TiB 2 layer onto a development thrusts involving major industrial
carbon-coated continuous fibre produced a mean participation. One is centred on the scale up by
fibre strength of 3.73 GPa. When consolidated to DRA of their EBED (electron beam evaporation
form a 0.35, ..Aaaw, fiactio, Ti-6A1-4V composite and vapour deposition) route for producing matrix-
plate the strength was 76% of the rule of mixtures coated fibres (Ref I). The other is centred on the
value. further development of AEA's SIP (sputter ion

plating) route for both protective coating
3.6 MMC consolidation development and matrix coating of fibres. Both of
In parallel with the fibre coating developments, these initiatives involve developments aimed at
various MMC consolidation routes were explored titanium aluminide matrix composites.
on the laboratory scale in order to demonstrate the
success of the fibre developments whilst bearing in Of the other candidate processes for industrial
mind the requirement for larger scale production. commitment, spray processing (notably low pressure
Effort was soon concentrated on just two processes plasma spraying) has received the most

developmental attention. This is because of the
planar hot pressing of matrix foil/fibre lay- conceptual simplicity of the process and the existing
ups investment in spray processing facilities required for
hot isostatic pressing (HIP) of precursor mainstream barrier coating development work.
composite wires. Current limitations relate to the practicalities of

achieving the required homogeneity and
The foil/fibre process imposed strict demands on composition of matrix formulation together with the
foil thickness uniformity and, in order to achieve a required accurate placement of fibre.
fibre volume fraction approaching 0.4, profiled foils
were used. Four profiling techniques were A possible difference between the European and US
evaluated. Electrical discharge machining was routes to industrial investment in this field of
found to be most suitable for laboratory scale materials development is that the European
processing although inappropriate for industrial experience to date has been characterised by bottom
scale-up. Composites with excellent fibre up involvement intogeneral collaboration initiatives
distribution and strength approaching 80% of rule (eg. BRITE and EUCLID on the European scale or
of mixtures values were achieved in this way. LINK on the national scale) whereas major mission

initiatives (eg. NASP and IHPTET) have provided
The HIP route experiments demonstrated that the a strong industrial focus in the US. This has made
process was capable of producing good fibre European progress particularly dependent on the
distributions and high (0.4) volume fractions which, entrepreneurial initiatives of the likes of Sigma
with appropriate control of matrix interstitial Composite Materials and BP Metal Composites.
contamination levels, can aihieve rule of mixtures
strength values.
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5. PROCESS DEVELOPMENTS BASED ON sputtering to hollow cathode achieved an increase in
SPUTTER ION PLATING deposition rate to -90pm/hr. Fig 6 shows a fibre

coated at this deposition rate.
The SIP work which was the cornerstone of the
coatings systems demonstration work reported in Current industrial collaborative work within the
section 3 above was introduced into the work LINK Programme framework in the UK is focussed
programme as an experimental expedient to provide on coating a continuous fibre at still higher
proof of concept results on a timescale far shorter deposition rates via increased power levels and
than would have been possible using compound changed cathode configuration. The project aims to
specific CVD routes. This was because there was develop a high performance TiAI based precursor
available equipment and expertise at AEA as a composite and to provide experience for supply and
result of continuing investment in the technology exploitation.
since its invention in the 1970's (Ref 8).

A processing route involving SIP matrix deposition,
The SIP input into the BRITE project (Ref 9) wire preform winding and HlPing is particularly
demonstrated the following potential for the process suitable in this case because:
in the content of the development of titanium-based
matrix composites: the processing route has greater flexibility

in design options and fabrication than do
it is a versatile R&D tool for rapidly processing routes limited to plate product;
screening potential coatings systems it is particularly suited to matrix
(during the project it provided the first formulations, such as Ti-based
demonstrations of the enhanced thermal intermetallics where interstitial impurity
stability imparted by carbon coating and level control is paramount and the range of
the viability of the C/TiC duplex coating acceptable processing and consolidation
system as a barrier to attack by titanium- routes is limited.
based matrices, and was also a key step in
elucidating the significance of the W/SiC CONCLUSIONS 4
interaction);
it is a means of depositing matrix alloys Recent developments in the field of titanium based
on the fibre wire in a manner consistent MMC have demonstrated the value of international.
with the impurity constraints imposed by interlaboratory collaboration in accelerating
titanium-based matrices and with the progress. The technical value of techniques such as
potential for compatibility with a process thermodynamic prediction for coating selection and
for retro-coating the protective coating PVD for coating prototyping were highlighted in
sequence on the fibre. the quest for a viable MMC system. Sputter ion

plating plus hot isostatic pressing is a primary
Limitations of the process, as employed in the processing route for composite systems such as
BRITE project, included the constraint that monofilament-reinforcedtitaniumaluminideswhere
continuous fibre could not be coated in the rig non-planar shapes may be required and matrix
configuration used and deposition rates were impurity control is critical to performance.
unacceptably low for industrial application.
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Testing Laboratory 1 2 3

Test Gauge Length 25mm 40mm 25mm 40mm 40mm* 25mm 25mm**

BRITE 'Standard' Sigma fibre
Mean tensile strength (GPa) 3.57 3.53 3.58 3.46 2.29 3.11 2.79
Standard deviation (GPa) 0.41 0.29 0.33 0.30 0.30 0.51 0.58
Coeff. of variation (%) 11.6 8.2 9.22 8.67 13.10 16.40 20.79

US source fibre
Mean tensile strength (GPa) 3.43 3.41 3.67 3.40 2.13 3.60 3.75
Standard deviation (GPa) 0.42 0.38 0.48 0.59 0.42 0.36 0.38
Coeff. of variation (0) 12.2 11.1 13.08 17.35 19.72 10.01 10.13

* Initial tests using stiff compliance jig.
* Fibre lengths cut up in laboratory i, mailed to laboratory 2, repacked and mailed for testing in laboratory
3 to illustrate propensity to handling damage.
Table 1. Comparative tensile test results on SiC fibres

Fibre Coating Temp (°C) Ti.ne (hr) Conditions UTS (GPa)

None 900 1 Control 4.07
900 1 Ti 1.53
1000 1 Control 3.60
1000 I Ti 087
1000 12 N, 3.20

Carbon 900 I Control 3.70
900 I Ti 3.89
1000 I Control 3.74
1000 I Ti 3.63
1000 12 N2  3.73

C,,r'i B, 900 I Control 3.25
900 I Ti 3.21
1000 1 Control 3.18
1000 I Ti 3.06
1000 12 N2 2.17"

* A surface reaction of TiB, was observed (TiB2/N, is thermodynamically unstable at 10000)

Table 2 Comparison of mean tensile strengths for Sigma fibre in the uncoated, carbon-and carbon plus
titanium- coated condition following thermal exposure in various atmospheres.
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Fig 1. Intensities of the reaction products W2C and W5Si 3 formed between W and SiC as a function of annealing
time at 930'C and 950'C (Ref. 5)
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Fig 5. Proposed structures of least reactive coatings to protect SiC in a Ti matrix. (a) carbide-based system, (b)
boride-based system. Arrows indicate directions of elemental diffusion (Ref. 5)

Fig 6. Scanning electron micrograph of MMC wire precursor prepared by high rate sputter ion plating of
titanium alloy matrix on SiC monofilament.
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COMPOSITES BASED ON TITANIUM WITH EXTERNAL AND INTERNAL REINFORCEMENT

by

A.I. Khorev
Chief of Scientific Laboratory

Russian Institute of Aviation Materials (VIAM)
17 Radio Street

107005 Moscow
Russia

The possibility of the efficient increase of the specific elasticity modulus and the
specific strength of materials as well as aerospace vehicles by means of developing
composites based on titanium with external and internal reinforcement was considered.

High-strength titanium matrices in the form of foil for composites with internal
reinforcement; cylindrical shells and ball vessels of titanium alloys for structures
with external reinforcement were developed (Fig. 1).

High-strength titanium alloys with a+0 -(VT6, VTI4, VTI6, VT23) and P -structure (VTI5,
VTl9) were developed as well as the thermomechanical parameters for the production of
toil with a thickness of 0,08 mm, ensuring the possibility of obtaining, for example,
on VT23 alloy, or 5-- = 1000 MPa in the as-annealed condition and ( = 1200 MPa in the
heat-treated condition.

The technological parameters of heat and thermomechanical treatments of cylindrical and
spherical vessels of titanium alloys with ct+p - and P-structure, ensuring a structural
strength of S- = 1000 - 1500 MPa, were established.

Cylindrical and welded vessels of VT 14 alloy were manufactured in accordance with
different technologies. Fig. 2 shows the dependence of the structural strength 6-),
calculated by the destructive internal pressure, on the ultimate strength of the
material '-). Each curve reflects this dependence for the vessels, made by one
technology and heat treated under different conditions. Fig. 3 - shows the fractured
vessels of VT 14 alloy. The welded vessels of higher-strength VT 23 alloy were
fractured at G,, higher by 150 - 200 MPa, compared to those of VT 14 alloy in the
annealed and heat - treated conditions. The maximum strength (C-,, = 1450 MPa) was
obtained on welded vessels of VT 23 alloy with the thickening in the weld zone
(Fig. 4).

The cylindrical non-welded vessels made of VT 15 0-alloy with the use of heat and
thermomechanical treatments (Fig. 5).

Accoiding to the efficiency of mechanical properties and structural strength increase
for the vessels, made of P-alloys, the methods of thermomechanical treatment can be
placed as follows : heat treatment, high temperature, low temperature mechanical
treatment, high - temperature + low - temperature mechanical treatment.

The schemes of making ball vessels of VT 23 alloy are shown in Fig. 6. Plasti::; welp
Lised for external reinforcement (Table 1).

The results of hydraulic tests for internal pressure of the vessels of VT 21 alloy,
braided with plastic are shown in Table 2.

The composites with internal reinforcement, consisting of titanium alloys foil
'-able 3) and high-strongth and high modulus fiber (Table 4).

The parameters of compositions bonding are optimized (Fig. 7) ensuring the effective
increase of the material strength and elasticity modulus.

Presentedat an AGARD Meeting on'Characterisation of Fibre Reinforced TitaniumMatrix (3mposites Septemher IQ3.
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Table 1

Properties of Materials for External Reinforcement

Material d E, --B1 ,8,
kg/cmý MPa MPa % km

1. BMl glass fiber 1900 60000 1800 3 95
reinforced plastic

2. BHP glass fiber 1900 62000 2000 3,5 105

reinforced plastic

3. VNIVLON plastic 1150 70000 1300 3 113

4. Carbon fiber
reinforced plastic 1125 220000 800 0,7 64

5. Boron fiber
reinforced plastic 2000 230000 1200 0,55 60

Table 2

Vessels of VT 23 Alloy with External Reinforcement

Heat Treatment Type of 0 of • of 37-;, eg
Condition Plastic the shell, equivalent to d mater

MPa Litanium, MPa km

Annealing BMI 1100 1800-1900 41-42

BMP 1100 1800-1850 40-41

Quenching + ageing BMI 1400 1950-2000 43-44

BMP 1400 2150-2200 48-49

VNIVLON 1400 2160-2250 48-5ý-

CFRP 1400 1570-1800 i5-4(,

BFRP 1400 1450-1800 ý2-it

iI
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Table 3

Titanium Alloys Foil

Alloy Thickness
I MPa

VT 1-00 80 300

VT 6C 100 830

VT 16 100 800

VT 23 (annealing) 80 1000

VT 23 (quenching + ageing) 80 1200

Table 4

Reinforcing Fiber with a Diameter of 90-100,mm

Material 7-B E d
MPa MPa kg/m'

SiC 1800 42000 3500

B/SiC 2300 40000 2700

Table 5

Properties of Composites with Internal Reinforcement

Composition constituents Composites properties

Alloy 20% fiber 5 MPa
E d

MPa kg,'cm

20 500

VT 23 SiC 980 720 135000 41 tu,

VT 16 SiC 950 580 185000 4100

VT 6C SiC 82n 520 185000 4000

VT 1-0 SiC" 500 320 185000 4000

VT 23 B + SiC 910 610 195000 360o

VT 16 Q0U 530 1Q5 0 0 0 3600
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Conc lus ions

I. High-strength titanlum alloys (VT 23, VT 19, etc.) production processes for foil,
zjVlindrIcAl arA spherical vessels have been developed.

2. Qylindrticl vessels of VT 23 alloy with external reinforcement by glass fibre
reinforced) plastic -e promising for wide application.

High-.ýtength foll of VT 2-3 alloy for composites internal reinforcement has been
I.evo lped.

4. Work to improve the fiber quality, decreasing the extrusion temperature and
do'~ioping the specsla extrus-ion equipment is necessary.
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TITANIUM ALLOYS FOR COMPOSITES
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PRODUCTION OF COMPOSITES WITH
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Manufacture and Properties of Sigma Fibre Reinforced Titanium

J.G. Robertson
BP Metal Composites Limited

Research and Engineering Centre
Chertsey Road

Sunbury-On-Thames
Middlesex TW16 7LN

United Kingdom

1. Summary in long lengths as it is a standard grade of lightbulb
filament. This enables long lengths (upto 40km) of strong

Titanium Matrix Composites have long been known to (3750 MPa) filament to be produced with a high modulus
offer potential for use in aeroengine components. The cost (400 GPa) and low coefficient of varience (5%). The
of producing the fibre and fabricating components has tungsten core is therefore seen ac offering key economic
delayed large scale developments because of concern and performance advantages over carbon substrates.
over long term component costs. The slow development
pace has, in turn, kept the fibre and composite price high However, at high temperatures (above about 10500C) the
through low demand. Composite manufacturing routes silicon carbide can react with the tungsten core producing
using foil and filament wound fibre has been used for strength limiting defects in tne filament. This reaction
many years. The difficulties of maintaining a suitable fibre must be controlled both in the deposition process and
distribution during hot isostatic pressing and the during subsequent high temperature exposure. The CVD
availability of cheap foil have effectively put this technique process has been designed to ensure that no degradation
on the shelf. However excellent fibre distributions have occurs during fibre production. The activation energy for
been achieved even in difficult geometries by a BP the reaction is such that no degradation will occur during
proprietary process. Mechanical properties comparable titanium composite processing. However, for intermetallic
with the most expensive routes can be achieved with this, composite processing at high temperatures significant
one of the cheapest manufacturing routes. degradation can occur. To counter this potential problem,

a 0.3pm coating has been deposited onto the tungsten
core to control the reaction even after 75 hours at 11000C

2. introduction (figure 2). BPMC is planning to develop this into a
commercially available product.

Titanium Matrix Composites (TMCs) offer significant
improvements in specific stiffness and strength over
unreinforcad alloys. The combination of high strength and 4. Silicon Carbide Monofilament Coating
stiffness available at elevated tmr atures make them
candidate materials for aeroengine structures. However The uncoated monofilament, called SM1040, needs
there are a number of difficulties currently preventing thier protection from the titanium matrix during composite
widespread use. Cost of manufacture, limited design data, fabrication and service life. BP has developed two coating
difficulties in designing with such anisotropic materials systems which are retrosectivel, ýeposited onto the
are but three. Their potential introduction is also delayed SM1040. Other coatings are being assessed.
by the fact that the components offering the best
structural efficiencies are also some of the most critical in -SM1 140+ is a 4.5Am structured carbon coating
the engine. Conservative design and lifing policies need to deposited onto the silicon carbide surface.
be adopted which will require considerabie effort to
develop sufficient confidence. This paper considers work -SM1240 is a 2prm duplex carbon/titanium boride
carried out using Sigma monofilamnets incorporated into coating.
a titanium matrix using foil/fibre lay-up techniques.

The SM1140+ coating is designed to protect the fibre
through many long aggressive consolidation cycles.

3. Silicon Carbide Monofilament Manufacture Figure 3 shows the interface structure developed when
SM 1140+ is consolidated into a Ti-6-4 matrix The

Figure 1 is a schematic representation of the fibre titanium reacts with the carbon coating to form a titanium
manufacturing process. This CVD technique for carbide reaction product which acts as a diffusion barrier
depositing silicon carbide onto a tungsten core has been layer. Further heat treatment of the composite results in
in existance for about 15 years, first in Germany with slow growth of the reaction product following a diffusion
Sigma Verbundverkstoffe and then in the UK with BP controlled parabolic growth law [1].
Metal Composites. The tungsten core is available cheaply

Presented at an A(;ARD! .,eeting on ( haracterisation of Fibre Reinforced Titat,.um .1attri.% ( inmip)o•ts Sepeptnmher I/V.?
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SM 1240 is a more economic fibre to produce and is Foil has been used as it is a clean, simple source of
suitable for most titanium alloys and consolidation cycles, titanium, however it is difficult to produce economically.
Figure 4 shows the interface structure developed when Various manufacturing techniques have been used
SM1240 is consolidated into a TI-6-4 matrix. Boron from including hot rolling, cold rolling, isobaric rolling, plasma
the boron rich titanium boride diffuses into the titanium spraying, pack rolling and chemical milling. The cost of
matrix forming titanium monoboride needles. Some of the foil and its availability in the required alloy are critical
remaining titanium boride coating forms a protective factors determining whether the whole route is viable.
barrier of titanium monoboride. With further thermal Beta alloys are fairly easy to obtain and significant
exposure, the titanium boride layer is gradually consumed advances have been made with alpha/beta and
forming more rection product. Once the titanium is fully near-alnha alloy foil production. Most fabrication work to
consumed the titanium can start to attack the carbon date has concentrated on Ti-6-4, produced via several
layer. Not until the carbon layer thickness is significantly different techniques. Limited consolidation and
reduced do the mechanical properties of the composite evaluation experiments have also been carried out using
start to degrade significantly [2]. near-alpha and beta alloys.

The chemical and mechanical properties of the coatings During the degassing phase of the procedure the binder
have been designed to prevent any brittle reaction undergoes a smooth depolymerisation and is removed via
products from degrading the perfofmance of the a vacuum system and cold trap. The powder remains in
composite. The structure is designed to have layers that the lay up and actually bonds to the foils, effectively
divert reaction product cracks away from the load bearing forming channels which prevent the fibres from rolling,
silicon carbide. The mechanical properties of the moving or "swimming" prior to or during the HIP
post-consolidated coating are critical in determining the operation. Since the powder has essentially the same
performance of the composite. chemistry as the foil, it blends into the structure by

diffusion bonding. The choice of which powder to use is
determined by the particle size and contamination

5. Composite Manufacturing Routes considerations. Large particles cannot lodge between
neighbouring fibres and small ones can contain higher

Many composite manufacturing routes are available, than acceptible quantities of contaminants. But, the
Each includes a technique for keeping the fibres volume fraction of powder used is so small that it need not
separated while the gaps between them are filled with the significantly increase overall composite contamination. It
titanium matrix. Filament winding, weaving and inserting is still necessary to design the the can and tooling
spacers between neighbouring fibres have all been used carefully to allow for easy degassing and to maintain the
to stop the fibre from moving. Plasma spaying, vapour position of the channels.
deposition, foil or powder techniques have been used as a
source of metal for the composite matrix. Hot Isostatic Hot Isostatic Pressing was chosen to ensure that an even
Pressing (HIPping), Uxiaxial Hot Pressing and Roll load is applied to the composite during consolidation
Bonding have all been used to consolidate the composite. Conventional uniaxial hot pressing suffers from the
There are advantages and disadvantages for each drawbacks that high temperature tooling either deforms (if
combination of techniques, for example, cost, shape metallic) or cracks (if ceramic) when under the pressures
specificity, fibre placement accuracy, capital outlay, alloy needed to ensure full consolidation This means that
availability etc. frequent reginding or recasting is requ-red Also, to

produce large parts (eg fla: panels) the load required is
Figure 5 schematically shows the BPMC TMC fabrication greater than that available on most presses HIPping can
process. While the whole route appears very similar to produce complex shapes using relatively cr'.:ap tooling
routes that have been used for many years, it differs in These would not work with conventional pressing
two significant ways. Hot Isostatic Pressing is used in techniques. The cost of HIPing is often quoted as a
conjunction with a technique that ensures that good fibre reason for avoiding the process For one off processing it
position is maintained before and during the HIPping is expensive but for the large number of production parts
operation. The fibres are prevented form moving prior to contemplated, the process becomes economic However
and during consolidation by the use of small quantities of it is important to ensure the canning and sealing
titanium powder dispersed between the fibres. BPMC are techniques are reiliable when processing such valuable
in the process of patenting this process. material.

Filament winding was chosen because it offers a method Figure 6 shows the typical distribution of fibre within a
of accurately controling the fibre position, allowing the composite made using the BPMC fabrication route. This
volume fraction of the composite to easily adjusted. The quality of distribution can be maintained in thick s,
accuracy of fibre placement is particularly important with monosheets and more complex configurations (eg twisted
smaller filaments and at higher volume fractions because cambered panels, tubes, rings, and sections incorporating
the fibre spacings become smaller. The small spaces unreinforced material). Figure 7 is a histogram showing
between neighbouring fibres are difficult to infiltrate, poor the measured spacings of neighbouring fibres. The
distribution makes it even more difficult. Lack of spacing of fibres within the same row can clearly be
infiltration of the matrix will lead to critical defects in differentiated from fibre spacings between adjoining rows
fatigue, flectural atid Itansve;•,e loading cases. The thicknass 3f foils (100pm in this case) and the spacing

of fibres within each row can be further tailored to achieve
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a near hexagonal array if that is required. However it is A similar ROM calculation can be carried out for the
believed the most important feature is to minimise the modulus, the results are consistant with the quoted fibre
occurance of touching fibres. modulus.

The transverse strengths are lower than unreinforced
6. Mechanical Properties of Sigma Reinforced Titanium titanium matrix. This is to be expected as the engineered

fibre matrix interface is deliberately fairly weak. Good
Simple tensile tests were carried out on many panels fibre management is important in achieving a high
produced using the BPMC technique described above, transverse strength. BPMC produced laminate gives a
The tests were designpA tn iisA the minimum amount of higher than average transverse UTS. The residual tensile
material consistant with producing an accurate failure stress in the matrix between closely spaced fibres is high
stress and reasonably accurate modulus and strain to (the matrix is probably on the point of yielding). As the
failure. The specimen design and tabbing arrangement matrix yields, the fibre debonds within the interface.
are given in figure 8. The composite was sectioned using Matrix rupture starts as thin ligaments between closely
150mm diameter electroplated nickel/diamond discs spaced fibres fail. The strain to failure results show a high
rotating at 5000 rpm with a feed speed of 5mm per degree of scatter, to obtain a value at the top end, the thin
minute. An Instron 4505 testing machine with a 100 kN ligaments must be avoided, therefore excellent fibre
load cell, 2650-558 static averaging extensometers, management is needed.
0-6mm tapered grips and data analysis by Instron Series
IX software. -he crosshead speed was 1 mm/min and the
gauge length 25mm. 7. Discussion

Table 1 summarises the results from a range of panels Many other workers in the field are currently testing and
produced using SM1240 and SM1140+ fibre reinforcing developing test techniques using laminates produced by
Ti-6-4. The tensile strengths given are conservative BPMC. Fatigue crack growth, low cycle fatigue, high
estimates of the population average because the results temperature, creep, and compression testing are all
include tests that failed at the tab run out (approximately underway and being reported elsewhere. Initial indications
1/3 of tests performed). The modulus is somewhat less are that the material behaves very like SCS-6 reinforced
accurate, strain gauges would have yielded higher quality titanium. The diferent fibre diameter and surface coatings
information but were considered too time consuming for do not seem to significantly affect the primary mechanical
this number of tests. Howevar, the scatter of results does properties providing the coatings are deposited correctly.
indicate that when extensometer slippage occurs, the There are some applications where the smaller fibre
result is clearly not consistant and can be excluded. The diameter is desireable (SM1040 has half the
strain to failure results must be treated similarly, cross-sectional area of SCS-6). Sigma fibre also appears

to have a tighter distribution of strengths than SCS-6,
The longitudinal results suggest that the strength of the probably due to the change in core. While the effect has
fibre is maintained in the composite. A crude "Rule of yet to be quantified, it may well lead to more acceptable
Mixtures" calculation can be carried out, using the fibre minimum performance. The precise failure mechanism
starting strength (measured as an average of 20 pulls at under specific loading cases within components could be
the beginning of each spool and 20 at the end of each different but this effect should only be of secondary
spool), an estimate of the matrix strength and the volume interest.
fraction as measured by metallographic analysis. This
gives figures of approximately 90% for both SM1240 and
SM1140+. This estimate is crude but is approximately 8. References
correct since the matrix is at yield when the fibres fail.
However, it does not take "!'o account "bundle" effects or [11 Warwick,C.M. (1991) "The Interfacial Reaction
residual stresses. Estimating the matrix strength is not between carbon-coated silicon carbide monofilament and
simple as the alloy is not in a standard metalurgical Ti-6AI-4V". BP Branch Report No 138003, available on
condition. request from BP Metal Composites Ltd.

%ROM- UTS x 100 [21 Warwick,C.M. & Smith,J.E. "Interfacial reactions in
TFTiVTm-x Vm) titanium alloys reinforced with C/TiB- coated SiC

monofilment". Proceedings of the 12th Riso International
%ROM - Rule of mixtures strength Symposium on Materials Science. Metal Matrix
Ff - Fibre failure strength Composites - Processing , Microstructure and Properties.
Ymn - Matrix yield strength Denmark 1991.
UTS - Composite failure strength
Vt - Fibre volume fraction
Vm - Matrix volume fraction
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Table 1
SIGMA Titanium Matrix Composite Tensile Test Summary

Alloy: Ti-6AI-4V
Fibre Type: SM1140. or SM1240

Volume Fraction: 25-40%
Number of Ply: 6-8

Lay-up: Unidirectional
Fabrication Technique: FoillFilament Wound Fibre/HIP

Testing Direction: Longitudinal
Test tempe.ature: Room Temperature

Number of Panels in Test: 49
Number of tests: 142

Mean UTS: 1612 MPa Average Standard Deviation: 45 MPa
Mean Young's Modulus: 210 GPa Average Standard Deviation: 8 GPa

Mean Strain to Failure: 0.98% Standard Deviation: 0.09%

SM1240 SM 1140+
Volume Fraction: 3(-3156 s.d. Volume Fraction: 32-37% s.d.

UTS: 1606MPa 6OMPa UTS: 1614MPa 54MPa
ROM%: 90% 3% ROM%: 93% 4%

Modulus: 210 GPa 8 GPa Modulus: 208 GPa 6 GPa
Failure Strain: 0.97% 0.07% Failure Strain: 1,01% 0.13%

Transverse UTS: 550 MPa
Transverse Young's Modulus: 150 GPa

Transverse Strain to Failure: 1-3%

Longitudinal Poisson's Ratio: 0.26 Thermal Expansion Coefficient: 6.58 x 10-6/K
Transverse Poisson's Ratio: 0.17 Transverse Expansion Coef': 9.32 x 10-6/K

Density: 4.1 g/cc (0-700-C)

Hydrogen
Tungaten supply
Filament

Sliane
Supply

supply istillation

Waste

ProduIts

Silicon Carblid

Monofilament

Figure 1 Schematic of Sigma SiC SM1040 Monofliament Reactor
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Figure 2 The effect of thermal exposure on W/SiC interface
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Figure 3 SMi 14O+/Ti-6-4 Interface
4.5 pm carbon layer and reaction zone.

Figure 4 SM 1 240/Ti-6-4 Interface
Carbnn and TiBx layers, reaction zone and TOB needles



7-7

Figure 5.

Composite Panel Fabrication Route
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Figure 6 Ti-6-4/SM 1240 composite microstructure.
The uniform fibre distribution is as achieved using

the BP proprietary foil/fibre lay-up process.
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Figure 7 Histoqraw of nearest neighbour fibre sDacings
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PROPERTIES OF TMIC PROCESSED BY FIBRE COATING AND HIPING

by

H.J. Dudek and R. Leucht4
German Aerospace Research Establishment (DLR)

Institute for Materials Science
Lii.Jerhohe
51147 Ko1n
Germany

1. SUMMARY the composites is evpected and
the processing of rotation symme-

SiC-fibre reinforced titanium tric parts by winding should be
alloys (Ti6Al4V and IM1834) were easier to perform [5,11,1`31. In the
processed by fibre coating and present paper results of the cha-
hot isostatic pressing (HIPing). racterization of composites, pro-
Composites with a well consolida- cessed by fibre coating and HIP-
ted microstructure, with a fibre ing at DLPR are presented and ad-
volume fraction between 0.2 to vantages and disadvantages of
0.6, with a narrow fibre distance this processing method are dis-
distribution arid a fine globular cussed.
grain structure were obtained.
Tensile properties according to
the rule of mixture are measured
with values of the ultimate ten-
sile strength for the 0.4 SiC- 3. EXPERIMENTAL
Ti6Al4%'-composite of 2.4 GPa at
room temperature arid for the 0.37 Two titanium alloys, the Ti6AI4V
SiC-1M1834-composite of 1.3 GPa and the 1M1834, were used for the
at §000 C. Fatigue properties deposition on the Textron SiC-
were measured under loading con- SCS-6 fibres. The matrix was de-
ditions of R =-I. Different crack posited on the fibre by electron
initiation effects for different beam evaporation (EB-PVD), magne-
matrix properties and stress am- tron sputtering and random arc.
plitudes were observed. HIPing was performed at 9000C at

1900 bar for 30 minutes. From the
hiped material cylindrical sam-
ples were prepared by machining

2. INTRODUCTION and invest igated by metallogra-
phý., scanni ing electron m icrosco-

An alt ernat.ive method of '[mc 1 iro- py, chiemicail analysis, by deter-
cessing by hot pressinrg (or IIIP- mining the t ersie pc(ropert ies ;0
ing) of alternating I ax vrI- o f room anid elIevated temperatures
fibres anid titanhium foils i's thle an I)y fat.igue experiment s. The
hot isostatic press;ing of Si('- ietariis of cottpjosite processinig
fibres coated with the miatrix anid char'acet riý:it ion are' d I-
material [1- 121. The fibre coat - s(,Iri tI)(( in 1 19,121.
ing ran ho, performed by a py
cal vapour depos it.ion mne thouj or,
by plasma s;prayinig. At DIR in riCo-
log ne t hree d i ffere nt do po- it i on 4. COMPOStITE CHARZACTERIZAT ION
methods wore appll iod arnd ('ottiltir-i
to eac h o Lie r t r -,o te\0 I t l ie Ilies -ýt In Fig.1 SF!1 iinages- of frac Itire
suitable onie for- comiposite pro- Surfaces of S i C- f i l)Tres 'oalted
cess, i ng [ 121 . The coat~ed fi (ices w i th t he( TIi G A II V mna t r x are'
are bundled , i nt roduc ed i n to a s ho ri . The C ihrec i n Fig.Ia was coa -

tube made from the matrix mater'Il- ebyFl-VIardiFgl pl-
al , encapsulated in a sta itt1es's t ri h. Ht-l'V~ arid inu Fring.b apple
steel capsulle, otit~gassed arid hot ir tatitrn sittrin h

i stati ca IIy p r ess ed g na i i s I (e Ill I hie depos ited'( coat -

isostatinrgs ireý a few inicronnet ers onily
The fibre coat inig and Ill 1'inrg rITe- tot b ho(IliO dv'i t ionl methods. I'lie

thod should have some advarit (t ante Ian st ruectltirv of the co~at , IIS
compared to the hot prnessi riLg 11) in Fig.1b ij f- I ialfr th maie

ing I of al terniating layers, (f fi - t ronI iepos i 11 i on 11`41 . N,-s r'art he
bres and titanium foi Is. AjpplI rig ,eori f roýn t ho~tt i mage thle t hti ck-
f ibre coat inrg and 111IPi nig rio fo ilIs ness o f t he lailel I oes a re o the
of the mat~rix material are rIle(� orde~r (f ai fes micrometers.
ded , a bet~ter conisolIi dat. im oiif Thli C illner(, 'nt curtitveit of t he

1'rciented atan A RI) thteenngtnCiaa eostipnh -tre enfiie t Iauttiitm huarin (omirnmih Oit% '%tptenihcr I AJ

LI



lom

Fig I SiC-fibre coated with the Ti6A /4V-alloy by
(a) EB-PVD aria (b) magnerron sputter deposition
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rii

F~ig.3 irr Ii

I r lu I i t ~' Fig. 3 Frequency of fibre distances in the compo-
f Ir i' site shownin Fig 2

* I, lt ii '
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fibres with distances lower than Tabler a comparison of the chemi-
10 jim is 1 percent. As can be cal composition of the coatings
concluded from Fig.2, fibres are obtained by the three deposition
in all cases completely surroun- methods with the as received ai-
ded by the matrix and a nearly loy for the IM1834 is shown. For
hexagonal arrangement of them is coatings obtained by random arc
obtained, and EB-PVI) the chemical composi-

tion deviates drastically from
During HIPing the composite con- that, of the target material. For
solidation proceeds at a low (de- hoth methods an e\penditure melt
formation speed of the order of metallurgical procedure is needed
0. 1 jim/sec. Together with the to process evaporation targets
small grain size of the matrix which results in a siit~able coat-
material of the coating, super- ing composition. Only the magne-
plastic dcformat-ion is typical tron spit. rierring results in nearly
for this process ing method[ 15-17]. the same composition of the coat-
in Fig.4 the grain structure of the ing arid the target material.
matrix is shown from a composite
processed by applying magnet ron Applying magnet ron spuitter depo-
sputtering as a deposition me- sit ion, the danger, of oxygen in-
thod. A mean graiun size of 2 jim troductw ion into the alloy ex iisgt
is measured. In saiimples processed however, t.'sini commercial magne-
applying EB-PVI) and random arc t, ron spiit ter dep~osi t ion eqn i p-
grain, si.es of F and 10 pm are merits ý,,ithouit_ an opt imi'at, ion ofobtained respertively [12]. deposition corndit ions tip to

"4.1

'i

Fig.4. Globular grain structure in composites processed by fibre coating with matrix and HIPing. For
the fibre coating the optimized magnetron, sputter deposition was applied.

The vapour deposition of the ma- 10 000 ppm oxygen was measured in
trix may cause a change of the the coati.g materi.a.. An opt ii-
chemical compo.-ýition of the coa- zation of the sputtering process
ting and an introduction of the was performed wit~h the aim to
oxygen (or hyd rogeri) from the re- reduce the oxygen I introduced i nt o
s idual gas pressure of thle vacuum the alloy during coat.ing tinder
system can take place. Extensive the conditions of an as low as
investigations were performed to possible fibre heating. F ibre
quantify these effects [121. In heating has to he prevented be-
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cause a reaction of the titanium- 5. MECHANICAL PROPERTIES
alloy with the carbon coating may
result in a fibre strength degra- In Fig.5 ultimate tensile strength
dation [18]. Applying the optimal and Young's modulus is shown as
sputter depositicn conditions an a function of the fibre volume
oxygen content lower than that of fraction %r. The shadowed area
the other deposition methods was marks the predictions of the rule
obtained [12]. The lowest value of mixture (the FWHM of the fibre
obtained up to now was 1000 ppm strength distribution was used to
and there is still hope for a predict strength arid modulus).
further reduction. In this paper All measured values are inside
only results of composites with the region predicted by the rule
an oxygen content lower than 2000 of mixtures. F-or a typical v; =
ppm will be discussed. A ductile 0.-i an tilt imate tensile stren{th
matrix is obtained in this case. of 2.1 GPa and a modulus of 220
For the influence of the matrix G|'i is measured. The elorigat ion
embri t t.lement, due to an incorpo- to fai lure is of the ord("r of I .. i
ration of a high oxygen content % 1121. \t, re Ier the high
in the matrix on the compo,,i t e
properties see [9,12].

Table I

Chemical composition of the TiIMI 834 coatings (in wt%/)

Deposition Eleme:t s
method Sri 7- Mo Al N h) Fe

Target
composition 1.9 3.6 0.5 (.7 0.03

Magnetron
sputtering 3.1 4.t; 0.6 6.4 0.8 0.05

FB- PVD -1.8 <0.05 <0.05 5.0 -0.05

2,5 25 ,
a A - b X

SX X

2.0 20
-Xx

.4-o 1.5 A 15
X X -

) 0. .. . . . . . matrx_
10 -- matrix E 10

10~

r- C-

0.5 x ductile matrix 05 x ductile matrix

I I I I I I

0 10 20 30 40 C 10 20 30 40

Fibre volume fraction [10/ Fibre volume fraction 10/1

Fig.5 Ultimate tensile strength of the SiC-Ti6Al4V-composites (a) and Young's modulus (b) as a
function of the fibre volume fraction. The shadowed area shows the predictions of the rule of mixture.

S|l~il llllI



strength measured in our composi-
tes, compared to that of values
obtained in composites processed
by hot pressing of alternating
layers of fibres and foils pu- M;
blished in literature (e.g.[1

9 ]), &

to the nearly ideal composite
consolidation and the small grain
size of the matrix.

In Table 2 some ul t imate tensi le
test, values of' the SiC-IMI834- VA
composites at different tempera-
tures are shown. For an unrein-
forced 1I.834 material at room atemperature ap~prox imately I GPa

is obtained. With increasing tem-
perature the u It i mate tes i le
st. rengt h decreases first, slo ly "t, , "
to values of 750 MPa at 500-C, .'
arid decreases rapidly above that.
temperature [20] . For the 0.37
SiC-I1M834 composites 1.3 GPa is
measured even at 9000C. As can be
seen from the fract ure surface,
Fig.6, a ductile fracture with no
necking of the reinforced region
is obtained at test temperatures -
of 900C.

Table 2
Fig. 6. Fracture surface of a SiC-IM1834-composi-

Ultimate tensile strength for SiC.IM1834-composi. te tested at 9000C, (a) overwiew and (b) detail
tes at different test temperatures

F it) re J .t I.Ifl i t tc. 14000
vol t0 m il (iTlipt- rei I- I uefl&-. ii ( * oucEiie matrix

fract ion tI ri ' st !,(1gt 11 1200 - _ unreinforced
1% 1 I I ' Cf, u ' I

000
0 RT ! 0 o
35 RT 2.0 - 800o * * *

37 300 1. 92-,
412 .100 2.13 600 -- *-*

40 5()o 2. 05
39 600 1 .83 400 -
37 700 1.60
35 800 1 .27 2o00 -
37 900 1 229
42 970. 1 2 ! 10Z 10) 101 105 in6 107 108

Number of Cydes

Fig. 7. Number of cycles to failure for different
In Fig.7 the fatigue behaviour for stress amplitudes for SiC-Ti6Al4V-composites
the 0.32 SiC-Ti6A14V-composites with a fibre volume fraction of 0,32 compared
obtained under symmetrical load with results of unreinforced material with the
conditions of R = -I is compared same sample geometry.
with unreinforced material tested
under the same sample geometry
and load conditions. At high terial. At low str-,, amplitudes
stress amplitudes of ±900 MPa the of ±600 Mia and lower, nearly the
fatigue life is higher by more same values for the reinforced
than one order of magnitude com- and unreinforced material are ob-

paLed ,',h tbp unreinforced ma- tained.



The symmetrical sample geometry, 6. DISCUSSION AND CONCLUSIONS
the homogeneous fibre distribu-
tion and the complete fibre enve- Processing of composites by coat-
lopment by the matrix allow the ing the SIC-fibres with marix and
study of fatigue crack initiation HIPirig re'rtilts in a material with
effects in these composites. A a variable fibre volume fraction
detailed study will be published between 0.2 arid 0.6 wit~h a narrow
elsewhere [21]. In Fig.8 anl example fibre distance distribution arid a
is given of a metal lographic sec- low fraction of fibres with small
tion parallel to fibres of a distances. Appl 1y inrg optimiized
0.32 S iC-Ti 6A14V-compos ite load- miagnetrion spuitter inrg ais a mat.r'ix
ed at a stress amp i tude of deposit.ion method a small gl obti-
±600. Mainly fibre breaking du1- lar grain size, nearlIy the samei.
ring the fat.i gue loading of the riat rix composition in thIe comiro-
composites i s observed arid the site marter'ial as in t. he t ;irget
mat rix remains mosý,t- vx uiric'an- materi al and] a low oxgncorit.-rit
ged .For di ffer'ent matrix Proper- Ii_ o bt a ined. I' t i m.1te ItensilIe
ties iind di fferenit load ariiplI i tu- st'erigt'lh arid Young's- miodiltius %a-

des di fferent crack iriitiatiori liies as pr'edic't~ed b\ the( rule of
effects were observed in LhoeS( Minixturre iii the reg ion het eir

comrposi tes: in a duct.i le mat ri x 0.2 and~ 0.5 art ' measure'd . Thie
at, high stresses crack in it iat.ioni el ongat ion to fauilIur'e is .2%
ait. the reaction zone f ib1re -mIlaI.rix For- thle 0.37 Si('-1MIR3l corrposite
arid at. low strtesses ili tiet- fibr-c a t. 9 000C ii I t i m at I t, I ri ., i I e
was observed. In composites with str'ength of' 1.-, GPa were obt si-
a brittle rmat~rix at. liigh sI resses ned. Fat igie 1 i fe of' 0.32 SiC'-
c'rack init iat ion in rii utnat r ix 'i'GAl 4V cotijo- i tc itS higilgei I",
and at low st resses- at the s-amiri e mor'e tliar one order' of matiairiitrie'
-lir-facf- was ljoet c-i ci 112,21]. thani Ithe ut I-'e iii f,''e itiat e, r~ .r-i :t I

foi' high sIi('ýst ro.' fI it',t- orei- et'
* .~-t90() ý11) arid as hti 411 us I he( lin-

r / r iri forIce m-( in;IIter- i ;u t'e :' t I-
-1~~1 I o t i,'la +60 01) 1)t'u ii ft -ei firt-

i i.""j i I m i iat i on -I 'ff'c t ý- we re o lso r-%-ed
.in t hese compos i t es dullr i g fatl i -

~ ,. gue loading.

1) 1.' *i lie~d 1ix th Il ' tl toiý l I'I id i~iil(
(.-'It i It Ii hiuIt i (n It t t tie 1 fill- I l

* a ri trlie iiýot-':is,'r )t' flitioji'

I'ji fIII If fx i- t ' io oot I Ii :

-'. c i tu I' re I tt F r( Ii go r I t; nI iir
I r I11.

4Sine I, t I e i ad 1ti :red' it I

i-1cI ss mi i ii I Ii ri I ' t i ic i
IrIg ari ('t1 Ping( car jo'' I'i t
pieda i c'1 ed ()I tI, Il- rit r1 ix ma I terma

usd frproce sss iIl"tII')o ril contiposit(

Swithouit t he need of' mat rix foi Is200pam Ne arlIy i dealI cornpos it es withi a
small globular grain size ar'e ohi-
tai ned. These are coridit.ioni-, to

Fig.8. Metallographic section of a SiC-Ti6A14V- oh ta i n t.eli s i I e pro pert.e CSof corn-
composite parallel to the sample axis loaded at postes accord inrg to tle ni le of
+600 MPa showing the preferential breakage of m ixYtuire . Pro- -,s 1'-g of La ilId irg

fibres.parts by winding of' coated fibres,
fibesshouild hie easier compared w i th
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the method applying hot pressing [71 Ward-Close, C.M., P.G. Partridge:
of alternating layers [5,10,11,13]. "A Fibre Coating Process for Advanced

Metal Matrix Composites",J.Mat.Sci.1990
As one can expect there are dis-
advantages of this processing me- [8] Ward-Close, C.M., P.G. Partridge,
thod however. The fibre coating 7th World Conf. titanium, San Diego,
and HIPing method is up to now an June 28 - July 2, 1992
expensive method of processing
and some of the problems have not [91 Dudek, H.J., R. Leucht: "Titanium-
been solved until now. For an Matrix Composites", in Advanced Aero-
application to processing of space Materials, ed.: H1. Buhli, Springer
parts by winding the problem of Verlag, Heidelberg, 1?92, p. 1 24 -1 3 9

fibre breackage during the HIP
process has to be solved [11]. [10] Dudek, H.J., R. Leucht: "Verfahren

und Vorrichtung zum Beschichten von

Most of the unresolved problems Fasern", Deutsches Patent DE 40 18340
are however common to those for Al
the composites obtained by hot
pressing (HIPing) of alternating [11] Dudek, H.J., R. Leucht: "Verfahren
layers of foils and fibres. Cor- zum Herstellen yon faserverstarkten

pared with the high tensile pro- Bauteilen", Deutsches Patent DE 40
perties the fatigue properties of 21547 Al
the composites are unsufficient.
For application temperatures hig- [121 Leucht, R., H.J. Dudek: "Proper-
her than 6000 C the carbon coating ties of SiC-Fibre Reinforced Titanium
of the fibre has to be modified Alloys Processed by Fibre Coating and
[18] and for a titanium aluminate HIPing", submitted to Mat. Sci. Engn.
as a matrix material the optimal 1993
processing conditions have not
been determined until now [20]. [131 Leucht, R., H.J. Dudek, G. Zieg-

ler: "Processing of Parts Made of SiC-
Fibre Reinforced Titanium Using Hot

Literature Isostatic Pressing (HIPN", Proc. 4th
Eur. Conf. Comp. Mat., Stuttgart, 1990,

[1] Dudek, H.J., R.Leucht, G. Ziegler: p.393-398.
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nium, Munich, 1984, Vol.3, p. 1773-1780 Bowen: "Superplastic deformation of Ti-
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"Einflul von Zwischenschichten auf die
Ausbildung der Reaktionszone in SiC- [161 M.T. Salehi, J. Pilling, N. Rid-
faserverstirktem Ti6AI4V", in "Hafting ley, l).L. Hamilton: "Isostatic diffu-
als Basis fiir Stoffverbunde und Ver- sion bonding of superplastic Ti-6Al-
bundwerkstoffe", ed. W. Brockmann, DGM, 4V", Mat.. Sci. Engn. A150(9 9 2)1-6
Oberursel 1986, p.1O1-Illl

[17] T.G. Langdon: "The physics of su-
[31 Leucht, R., H.J. Dudek, G. Ziegler: perplastic deformation", Mat. Sci.
"SiC - faserverstArkte Titanlegierung Engn. A137(1991)1-11
Ti6Al4V",Z.Werkstofftech. 18(1987)27-32

[18] Dudek, H.J., R. Leucht, R. Borath,
[4] Leucht, R., H.J. Dudek, G. Ziegler: G. Ziegler: "Analytical Investigations
"Thermal Stability of SiC Fibre Rein- of Thermal Stability of the Interface
forced Ti6Al4V Alloys", Proc. EUROMAT in an SiC-Fibre Reinforced Ti6AI4V-AI-
Aachen 1989, p. boy", Microchim. Acta 1990-11, 137-148

[51 Leucht, R. H.J. Dudek, G. Ziegler: [191 Handout of Textron Speciality Ma-
"Laboratory Scale Processing of SiC- terials: "Continuous Silicon Caarhide
Ti6AI4V Composites", Proc. 4th Int. Metal Matrix Composites", Lowell. MA
Conf. Fibre Reinforced Composites, 01851, USA 1993
Liverpool 1990. p. 2 7 9 - 2 8 2

[20] R. Leucht, M. Peters, H.J. Dudek:[6] Dudek, H.J., R. Leucht, G. Ziegler: Verbundwerkstoffe und Stoffverbunde,
"SiC-Fibre Reinforced Titanium Alloys: Chemni'z, 1992, in press
Processing, Interfaces and Mechanical
Properties', Proc. 4th Eur. Conf. Comp. [21] H.J. Dudek, R. Leucht, J. Hempten-
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Fibre-matrix interface properties in Ti-matrix composites
chemical compatibility and micromechanical behaviour

A. Vassel, R. Nllvrel, J.P. Fare, J.F. Stohr
Materials Department. ()NERA, BP 72

F 92322 Chatillon, France

ABSTRACT matrix bond strength and glide properties.

Silicon carbide reinforced titanium alloys or titanium
aluminides are challenging materials for engine discs

ti, ons mi the temperature range 6(50-80 (C. The 1.1. Microstructural investigations
main problems concerning fibre-matrix compatibility, 1.1.1. SCS-6/Ti-6A!-4V -mnposite
i.e. fibre coating degradation through diffusion
controlled mechanisms and fibre-matrix mechanical The interaction between the SCS-6 fibre and the
behaviour are reviewed based on recent studies. Ti-6AI-4V matrix is wcll documented in the literature

11-71 and the main results are summariied below. The
It is also shown how two micromechanical tests, the SCS-0 fibre (o 1t-U prm) produced b, Textron is made
fragmentation test and the push-out test may be of SiC deposited by CVD on a carbon core. It
correlated. With the help of a ID shear-lag type possesses a 3 pm thick protective coating which is

moetkn fibre-matrix debonding into account, a mainfly composed of pyrocarbon. I
good fit is obtained between measured and computed

values of the fibre-matrix load-transfer mean shear- During processing of the S('S-6/Ti-6AI-4V composite
stress, around 90)0°C, a partial consumption of the carbon

layer takes place with the formation of different
INTRODUCTION compounds. According to Rhodes and Spurling 121,
Mevctal matrix composites appear to bc good the interaction zone consists of three layers of
candidates to ensure a further temperatur t e gifo reaction products. The major reaction produc! is TiC

which is sandwiched between an inner laver of a fine-
compressor components. One of the main challenge grained mixture of TiC and TiSi- and an outer layer
for these materials will be to replace titanium alloys mof Ti C a -ide and aouer ayeri
and superalloys for discs applications, the formcr of t itanium carbide aadevelp mreu xt heiv

being able to operate today at a maximum tih
tem r o. composition of the fibre surface. Hall ct al. 13,41temperature (If 5500 C and the latter at 6)500C. observed the same compounds in the reaction tone=

Titanium alloy matrix composites arc expected to and they identified a TicSi4 silicide associated with

work at temperatures around 650' C while titanium

alumide matrices are expected to allow a 100) or T 5si3.
150.C further rise in operating temperatures. When titanium reacts with the coating , titanium

Three main problems have to be solved in a first carbide is formed in a first step. As long as the I
carbon coating is not entirely consumed, the titanium

step: carbide plays the role of a diffusion barrier by

the determination of the maximum operating preventing titanium from reacting with SiC.
conditions so as to allow an accurate contrl of the For longer durations, the reaction growth rate isreaction between the fibra-coating and the matrix in controlled by the diffusion of titanium and silicon

reacionbeteenthefibe-catig ad te mtri in through the titanium carbide laver 151. The alloving
order to maintain, during the component life, the ehement do not partic e in The atrix
efficiency of the mechanical fuse, i.e. the fibre elements do not participate in the fibre-matrix

caigreaction and an increase in the aluminium
coating and vanadium concentrations has been found at

- the definition of reliable means of measuring the the interface between the matrix and the reaction

fibre-matrix interface characteristics so as to be able /one 15,61. There is no evidence that new intermetallic
to proceed to non destructive testingofthe composite compounds are formed, it rather appears that

the alloying elements arc simply combined
at any time during its life ;substitutionally [3.

- the achievement of good links between the ;rowth of the reaction 7onc and consumption of the
mechanical behaviour of these materials (strength, fibre surface layer arc nonuniform with greater
fatigue and thermal-fatigue behaviour) and the ruaction occuring where the fibre contacts beta phase I
micromechanical parameters, essentially the fibre- of the titanium matrix. This phenomenon apt9e;rs to

Prevented at an A(;A RD Meeting on '(haracterisation of Fhbre Reinforced litanin oMatri. (Conipomtte% S.eptember IQM.)3
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result from the higher diffusivity of carbon in the beta two main compounds that can appear. It was shown
phase 121. that TiB, is stable above 301-41) at."ý aluminium

and/or 40) at.'*, boron. Accordingly, the presence of
1.1.2. SiC/Tiyl*-Nb composites TiB, is expected near the fibre, the external layer
Analytical studies of fibrc-matrix interactions containing a large proportion of boron, whereas a TiB

type comp, ind is likely to precipitate on the matrix
were performed on SCS-6/Ti-14AI-l9Nb and side. 0- observations agree with these
SM 1240/Ti-14AI-19Nb composites. The SM 1244) is thermodv amic considations.
a SiC fibre (o 100 i.pm) with a tungsten core. Its
protective coating, designed within the framework of
a European collaborative programme, is composed of
three layers : pyrocarbon (1 pm), TiB 2 (0.2 pm) and The increase in reaction tone thickness as a function
an external TiB, + B coating (0.8 pm). Due to the of the square root of time for two SiC/Ti3 AI + Nb
difficulty in processing intcrmctallic matrix composites are shown in Fig. 4. These plots show that
composites, such materials were simulated by in the temperature range 8(X)-1050°C( the growth of
sputtering a Ti-14AI-19Nb layer onto SiC fibres and the reaction zone is linear with the square root of
heat treating in an inert atmosphere at temperatures time and this result is in agreement with previous
representative of fabrication conditions. The work on SiC/Ti composites [13-161. This indicates
experimental procedure is described elsewhere 181. that the reaction ;'one growth kinetics is mainly

controlled by diffusion and that it can be modelled
The fibre-matrix interaction on the SCS-6/Ti-14Ai- with a parabolic gro, h law :
19Nb system was studied using a submicron ion probe x z kt r2

191. Ionic images after a thermal exposure of one where x is the reaction /tone thickness, k is the
hour at 10)50 'C are presented in Fig. 1. The U image temperature dependent rate constant and t *is the
illustrates the carbon coating of the SCS-6 fibre and isothermal exposure time. Furthermore, k can be
the TiO-*C correlation image shows the extent of the expressed by the Arrhenius equation
interaction zone which is about 0.8 pm. It was
checked that no silicon is present in the reaction k-koe-QI2M
/one. A detailed analvsis of the fibre-matrix interface where ko is the pre-cxponcntial factor. Q is the

using TEM techniques has also been performed by apparent activation energy, R is the gas constant and
Baumann et al. 1101. They found that the matrix had T is the exposure temperature. The values of Q and

reacted only with a portion of the caTbon-Tich outer ko can be calculated by plotting the logarithm of the
laver of the SCS-6 fibre in the as-consolidated r~action zone thickness versus the reciprocal of
condition. The reaction zone is composed of two the absolute temperature. These values arc listed in
concentric zones. The zone closest to the fibre Table I for several SiC/Ti composites. The acliv.ation
consists of (Ti,Nb)Ct4 , ), (Ti,Nb,AI),Si3 and some energv varies from 206 to 26,9, kJ/mol depending on
microporosity. There is a diffusion-gencratcd Nb the systems and the laboratories.

concentration through this zone. The /one adjacent to
the matrix contains (Ti,Nb) 3AIC and (TiNh,AI)sSi 3. The knowledge of the reaction kinetics at operating

temperatures is an important parameter Thermo-
We have performed TEM investigations on the dynamic parameters dletermined for short exposures
interaction zone of the SM 124-U/Ti-14AI-I9Nb at high temperatures can be u,,cd Io predict IhC

composite. A micrograph of this tone in contact with extent of the reaction tone thickness Ior long term

the fibrc is shown in Fig. 2. During the exposure at use of the composites at lower Icmpcrat urc,. Such
1050. _C the external boron rich coaming has been fully a calculation was made for a I(C t) ho[ur,, exposure
transformed to needle like precipitates which were at 7(0°C (Table 2). It can be sccn that for the

identified as TiB, from electron diffra. :ion patterns. SC'S-6,/Ti-OAI-4V comrpositc which e\hibits,, Ow
These prccipitate-s act as a diffusion barrier and the highest rcaclion kinetics, the I pnm th ik pk roc.lmhi
inner carbon laver remains intact. Fig. 3 is a coating of the S(S-6 fibre i, not totall, consumcd.

micrograph of the reaction tone near the matrix. The comparison between the Ti-()AI-4V and
Heore, long needles embedded in the Ti-14AI-IQNb Ti3 AI Nb matrices reveals the slh ker rcacton ratc

aluminide can be observed. The combination of when incrcasingthc lho, addition, andctnhi-,clfccan

electron microdiffraction, EDS and EEi-S reveals that be mainly attributed ho aluminiuin t,[ .[(,It1,,. it

their composition is (Tit ), 7 Nbr, )B. ,appears that the reaction kinctic, i, sinmlar fio thc
S('S- and the SM 1244) fibrc ,idthouii i their coatines

Recent investigations were carried out on the phase are oh dilfcrcnt nartire. p.roc•,i brind ' IW B

equilibria in the ternary Ti-AI-B system Jil. respectively.

Titanium monoboridc and titanium diboridc arc the
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2. THE FIBRE-MATRIX INTERFACE AND THE - an increase in the fibre Wcibull-modulus results in
MICROMECHANICS OF Ti MATRIX COMPO- an increase in the composite rupture strength
SITES (Fig. 6a). It is worth mentioning that for the same

As already stated, rout of the cajioncnts made with mean rupture-stress of the fibres (4(XX) MPa for a
gauge 1ength of 5 rmm), an increase in the fibrea Ti-base matrix composite will be mainly used for Wcibull-modulus fre'i 4 to 25 leads to a rise in the

aircraft engine applications. The concerned parts arc compositc rupture-stress of more than 55'/4. On the
compressor discs with either a flat or a drum shape opposite, a low fibre Weibull-modulus allows a larger

for which the main loading originates from the number of single fibre ruptures before the composite

centrifugal forces due to the high rotational speed of failure (Fig. 6b, c, d) ;

the engine. Therefore, due to the highly anisotropic
loading, composites with a unidirectional (U.D.) - the influence of the fibre-matrix load transfer is
reinforcement will be used for these components. The even more important when the fibre Wcibull modulus
loading will be mainly the hoop stress together with is low; it vanishes for high Wcibull modulus., i.e.
combined thermal and low-cycle fatigue stresses ; the when m Ž 20, (Fig. 7) :
At,-in of these components will be made in a first the brokenste onrevin upn he lasiclimt, hih apea -the limitation of the load transfer from ,h brke
step on relying upon the elastic limit, which appears fibre to the next ncighbouring ones is ever, less
to be very close to the rupture stress in these d ngth is low
composites with a high fibre volume fraction deleterious when the inefficiency le

> 307). Prediction of the U.D. composite strength - in titanium-alloys matrix composites the limiting
starting from the constituent properties, i.e. those of factors of the fibre-matrix load transfer shear-stress
the fibres, the matrix and the interface between the appear to be linked to fibre-matrix dcbonding ; as
fibre and the matrix, appears to be one of the major shown by D. Jacques [21], two physical parameters
concern for the use of these materials. are to be taken into account, the fibre-matrix bond-

strength and the fibre-matrix friction stress over the
2.1. Approach of a failure criterion for U.1). fibre dcbondcd length. Fig. 8 illustrates the reloading
composites of a fibre from a broken end showing the friction

The very first models developed for the prediction of stress, proportional to the thermal hoop stress, which
is constant over the dcbondcd length of the fibre,the rupture stress are due to Rosen [171 and Zweben floe yteeat
followed by the elastic reloading starting fro~m the

1181 in the mid-sixties. Both models made the
assumption that the composite failure restlts from the fibre-matrix bond strength.

concurrent rupture of single fibres linked by a tougi, This very first approach of a composite rupture-
matrix, where a penny shape crack is supposed not to - firs approach of a omo te rutre-grow. The rupture criterion has been derived based criterion does evidence the prime role of the fibre-
grow. The oncepture o itherionefficieen lenved tsed matrix load transfer shear-stress, and that of theo n th e c o n c e p t o f th e in e ffi c ie n c y le n g th , ;.c . th ec o t i u ng p y c a p r m e rs th h - - a r x
critical length over which a single fibre is reloaded contributing physical parameters. the fibre-matrix
from its broken ends. The predicted rupture stress is bond strength and the friction stress over thestrongly dependent upon this inefficiency length. To debonded length. At the present time, two methods

better strength predictions than thsen obtained are available to reach those parameters : theget bthose fragmentation test which allows the measurement of
with the shear-lag fibre reloading considered by the mean interfacial shcar-stress and the push-out
Zweben 1181, it is essential to take into account morerealistic reloading mechanisms including fibre-matr .ix technique which permits the measurement of both the
rea eding mfibre-matrix bond strength and the fibre-matrix
debonding : friction stress [221.

- firstly, fibre-matrix dcbonding ensures that a matrix
crack will not grow subsequently to the fibre failure, 2.2. Fragmentation tests results
thus leading to stress concentrations on the The processing of the fragmentation test, using single
neighbouring ones, as shown by i.A. Comie et al 1191, fibre specimens, has been described elsewhere and

- secondly, the consideration of a real fibre-matrix the data for the SCS-6/Ti-6AI-4V composite already
load-transfer shear-stress obtained through reported 123 " The Ti-14AI-21Nb aluminidc sheets
fragmentation tests measurements, and its evolution used in th, ,dy wurc kindly provided by Mrs
with temperature, allows a good fit between the Brindley from NASA Lewis. SCS-6/Ti-6AI-4V
measured and the computed values of the composite specimens were tested at room temperature whereas
rupture-stress, Fig. 5 1201. the SCS-6/titanium aluminide ones were tensile

tested at 425 and 650 'C due the very low elongation
Moreover the comp)osite failure simulation performed to rupture of this titanium aluminide at room
using a model material with 4WX) single fibres, temperature. Fig. 9 illustrates a typical fragmentation
(20 x 20) clearly reveals that tensile curve for the SCS-6/Ti-14AI-2lNb composite

II
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at 4250 C. Fragmentation of the fibre occurs in the fibre-c.'irbon coating~ interface and the coating-matrix
elastic-plastic region with small loaid drops resulting interface (Fig. 12).
from the successive ruptures o1 the S(,S-0 fibre. The
number of load drops fits the number of fibre 2.4. Correlation l)Ctleer pusti-oicý and fragmuentatiomn
ruptures observed after matrix dissolution. The tests
maximum fibre-matrix load transfer shear stress is Asardymnie. hfbc-atxlo-rnir
derixed from the KelKyTvson relationship As ardymniedth Ibr-iti odtas- . .mean shc:ir-stress -rn obtained from fragmentation

- dofrY' tests andt the fibre-matrix bond strength ,ind It ict ion
2) stress derived froiri push-out test,, annot be direct Is.

"where the critical length 1,. is equLal to ;/4 1 oprd e el~~ss xi ). Litlcqus1211

<1> being the: mean fragme nt length. and trl the Tn, ean be computed fromt T d s1ILues, p)ro'~ded IIhat
fir tcit fh rgetTefbesruhi the fibre and matrix charajcteristics are knk~wn, arid

fibr stengh o ~h frgmen. Te fbrestrngt is with the assumption that oin the debonded length, the
obtained from single filament tensile testing. these I~cgic cjicI tci~ii ihaf uon
filaments being prexioouslx coated A~ith the conveniiet fbegie eaiet i arxs t moli

- ~type fri~tion-st ressi TAMin thle charade ristiLcs vis en in
matrix, using a PVD technique, and subsecquentli, heal al o h somt I s leItmc
treated to simulate the processing cyclc 12ol .Il FL: Tble4frieuputed asuingthat, theu otes dtr,,utaon at,,

measured values of the interfaciail mean shear- stress b - TPIasnigt~ttcsrs itiuina
the fibre end is the one kjjix en ig1%

Tm have been plotted for both the Ti-(,AI-4%V and the i ~ s
Ti-14A!-21Nb) m~itrix composites in Fig! 10. The Tm Acmarsno tecnpucIad esrd ale
values are quite similar for both comnposites Ahaites\er f -cmaisogxn in Tabe C or boLtL I i N( ni~s-b I -r,AI-4
the matrix. Concerning the reloaiding mode. ofzi r ni njl:5frhliS 'i(,* -i14

and ( - i 14AI-21Nb oIp)si [ithe Ia!rekCintW
observations performed on broken test pi-eces rex cal betssCenC the mea~sured and fthc's ýJulOIc ed1s Lus anl
1hat in both eases fibre deb inding oc.curs ninl m be- considercd as prcitt good. 1hi) frirs orrclaitjon
w~ithin the crating itself or at the -ibre'-COAitirg/rnetil ainp )'\cnIirai~ltj~ir~k har~
or reaction /one interlace. This is an ridicatiIon oft tik- atmthruhk betsxeeLnt itrtacia ippcar~itrss obtII' 4"'11 red!11
role plased by the fibre-matrix fIntioni-st re,s in lie thohtsodtr

filbrt: rco~din . v icsk of predi-ictino the nit~,lmihaI hIcelIUsrr ,I tIsI[
fibe e ladngkind of comnposite

2-3. Push-out tests results 3. DISCUSSION

Push-sut tst ha'~t: been performewd at ONLPA using Titanium-aluminide mnatrix co mnposites processe d
SC'S-6/Ti-biAl-4%V unidirectional composites, provided with SCS-6 Textron fibres doýý xhib~it a bestter therm-al
by T extron Spec ialIty MNI ea s Dix, is it onIttiiv thn T-A-V marx cmoie
The experimental conditio .ns- haxec been reported sasbevidece from TI-able 2. atapersx fronithese

elsew\Ahere 1221. Both the decohesion stress -rd and the reuls thatcc ato 7Tabl te carbon pcatin lafro should-

friction stress T, have been derived from 11cst: tests becosumed that ithin)' 7tht harournxc coaiglyrresponldst

using! the foillossingz relationships (Fitz. I i b osmdwti):X ous ihcrepnst
ultimate conditions for SUS-(!T i-tiAI-4%' use. ()n theC

rd F, irpposite titanium-aluminide composites will be able
i2 r( A - a) to sustain miuch loniger holdino, timecs -.rbout one

\hh(rc d istheloa at cohsion r he ibreradus, order of magnitude- without the carbion Coating being

xcr F i the loadim at decohesion. a th fibren pradiusr fully destroyed. Thisbetter behaiiour has been linked
Ii te secien tickessand a ittng pramter to a decrease of both the reactivits and diffusioi' rate

obtained from tests with dilferent fibre emnbedded when the aluminium content of the. allo% Is increased.
lenct vhs.

Tf Ff From aaother point of vies., it has- been shown that in
2 -. rt the as-processed statec, both comiposites dot exhibit

%%hcL' F I,,the pplid frce nd h[he mbeded lib-re-matrix debondniri arnd fibre: e lide w-ithin its
sshee F is he pplid frce nd : t ie m beded matrix sheath, the delionding occuririg either at the
Icnivihof the ifirc.fibrec-coating, or thC coating-matl Irix Interface.

Tabl 3 ollas he aailhleicsltson psh-111(Css Noreover, at good fItI has bee.,n obtaiined betsccii the
Tali olcsteaalbeeut nps-u et inte rfacial characteristics me asurcd Vtmrln

originating! either from the literature 11 Y-321 or from rgnitiotesadthecmpedfmpu-
workdon at NER 121. Akcc cxminaion(if out data, using or shear-lag unidimensional model

the results, shows-, a good agreement for both TdL andl taking into account only two parameters. the fibre-
Tr( values obtained in diffeLrent laboratories, which is1 marxbn1 telt n/rtefito ofiin
rather unusual for micromechartical testing [271. As betwee bnd sthe reandgtheado mth rix. o offcci

alreadv mentioned, decohecsion occurs both at the bewnthfirad hmaix
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Further development of this model should take into 171 C Jonc,,. I . Kic,. S S \kang. J oif Materials

account Reseairch. 1 1P0i1. itp 1415- 1442

- firstlv a 2D modelling of the fibre reloading such a, I A \aseI. Proceedings kt theproposed by J.A. Nairn 1331.
International tinyu 1 on Stf1uctural

- secondls a fitting of the friction cocfficient l. ,,hich Inicrmclallic,. TAI. a,,,rrcndale. PA (P,103). to
has been taken equal to 0.24 formerls, with the help be published
of the frictiin- tress deriv.d from push-out tcsts.

IQI (i Slod/ian ct al, ('R Acad. Sc. Paris, t. 311
Conclusions (11)(M), pp Y7-(,4

- SCS-, Textron and SM 1240 BP fibres appear to b,. I ()tj S.F taumann. P.K. Brindle,, S.D Smith. Met.
suitable reinfor'.wcments for titanium base matrix trans. A. 21A (1l',)~),t pp 155'•-1t5t,
composites. For Ti-6AI-4V however, maximum use

conditions arc close to 7t C/tAXX hours. [llI J.J. Valencia et al., 'latcrials Science and

• A ri;AI type matrix (Ti-14AI-2INb) appears Ic,,s Engineering. A144 ( p )I), pp ..5-30

rcactic wkith the carbon coating of the S('CS- fibrc2.
The SNM 1240 and SCS-0 fibres exhibit similar 1121 F. Brisset, Ph.D.Thesis, tobe pulis',',l.
reaction kinetics in that matrix. 1[131 P. Martineau et al., "Developments in the

, Micromechinical measurements using either the Science and Technology of Composite

fragmentaiion or the push-out test performed on both Materi.'Is. ECCM. Bordeaux, France (19X5),

Ti-6AI-4V or titanium aluminide (Ti-14AI-21Nb) pp725-731.
matrix composites lead to values in agreement with [141 W.' Whalley, F.E. Wawncr, J. of Mater+.ds
those obtained in other laboratories. A simple shear- Sc,,[ce Letters, 4 (1985), pp 173-17So
lag computation mo(,'ts;- taking into account fib! - S(
matrix debonding and glide allows to calculate the 1151 S.M. Jeng, J.M. Yang, Proceedings of the
fibre-matrix load-transfer mean shear stress from the Seventh Conference on Composite Materials,
push-out data. The correlation with the measured Pergamon Press (1989), pp 555-500.
values appears quite good for both composites.
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Concurrent number of fibre failures
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Load (arbitrary units)

Fig. 9 Stress-strain curve for the tensile testing of
a single fibre fragmentation specimen
(SCS-6,/Ti- 14A1-21Nb composite, tested at

425 0
C).

Elongation (arbitrary units)

Mean Interfacial
shear-stress (tim)

160

Fig. 10 Fibre -matriv load-transfer shcar-stress 120 -

as a fiuction of temperature for both s.SCS6/Ti-4AI-4Y
SCS-6/Ti-6A1-4VandSCS6/Ti-14A1-21Nb 80i"2
composites. 40 "

Testing temperature (C)

200 400 600 800

Load (arbitrary units)
deboading

Fd

I[ •Fig. I/: A tYlpical load-displacement cure (or load-

friction time curve at a given indentor speed) for a
SCS-6/Ti-(6At-41V (oI7Jpoit('.

loading

Displacement (arbitrary units)

Fig. 12 SEAt micrograph of a push-out fibre in a
SCS-4/Ti-6A1-4V composite highlighting
fibre-oatuig atid coatinig-inatinx ,ebondiig.
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Table I Q and ko valhes for various composites

Q (kJ/mol) kfl.10 4 (m/s"/2) Composite Ref.

258 82 SiC/C/Ti-6AI-4V III

207 0 SCS-6/Ti-6AI-4V [13]

252 49 SCS-6/Ti-6AI-4V [ 116]

200 1.3 SCS-6/Ti-14A1- l)Nb 1121

269 29 SCS-6/Ti- 14A1-21Nb [I(6,

221 5 SM 1240/Ti-14A1-19Nh 1121

Table 2: Calculated reaction zone thickness after 1000 hours at 700°C

Thickness (Vm) Composite Ref.

2.1 SCS-6/Ti-6AI-4V [16j

0.8 SCS-6/Ti-14A1-21Nb [16]

0.7 SCS-6/Ti-14AI-19Nb 1121

1.1 SM 1240/Ti-14AI-19Nb 1121 4

Table 3: Push-out and fragmentation tests results on two composites SCS-6/'Ti-/-41-V and SCS-6iTitaniuin aluminide

Processing Push-out tests Fragmentation

Composite conditions tests Ref.
Td (MPa) 'rf (NIPa) -rm (NIPa)

SCS-6/Ti-6AI-4V 925"C/70 MPa/30 mn 156 - 11 87.5

SCS-6/Ti-14AI-19Nb 115 -4 58.5 -2.3 - 1

SCS-6/Ti-6AI-4V 895"C/80 MPa/30 mn 180 1238]

SCS-6/Ti-14A1-21Nb 119 - 3 47.8 - 2.5 I

SCS-6/Ti-14A1-21Nb 105 ± 11 57.5 - 7 I.[30

SCS-6/Ti-6AI-4V as received 80 [311 I

SCS-6/Ti-6AI-4V as received 151 6 - 192 ± 20
[221

SCS-6/Ti-14A!-2lNb 925"C/40 MPa/30 mn 9 - 15

SCS-6/Ti-6AI-4V as received 7S 132) 1

* This test perforned at 425°C, all others at room temperature



Table 4: Characteristics of the matrix used for rm, computation.

Composite
SCS-6/Ti-6AI-4V SCS-6/Ti-14AI-2lNb

(20 C) (425- C)
Characteristics

Em (GPa) 115 87.3 [331

Vm 0.4 0.4

,zm (OC"1) 10.10-6 10.10-6

Table 5: Comparison of measured and computed vahues of the mean intcrfacial shear strengh rm 4

Composite

SCS-6/Ti-6AI-4V SCS-6/Ti- 14AI-2lNb
(20 0 C) (425 C)

r,, (MPa)

measured value 192 ± 20 96 ± 15

computed value 202 107

I

II
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SUMMARY number of variables, including diffusion rates,
scale chemistry and morphology, and crystal

Oxidation tests were performed on titanium structure.
aluminide alloys of three different
compositions to determine their oxidation The rate of oxidation is typically classified as
properties under isothermal and cyclic logarithmic, linear, or parabolic [6,7].
conditions. The TiAl/Ti3 AI alloy and the Logarithmic oxidation is generally observed at
AI 3Ti exhibited roughly parabolic behavior temperatures below 400'C. Oxidation is
between 900 and 1 100°C, while the TiAl initially very rapid but drops off to negligibly
oxidized in a linear fashion. Rate constants small values. A1203 growth on aluminum at
and activation energies were calculated for room temperature is an example of logarithmic
each material, and based on these the rate- oxidation. Linear oxidation behavior is
controlling processes and mechanisms were constant with time and thus independent of the
determined, quantity of gas or metal previously consumed

in the reaction. Linear oxidation is dominated
by surface or phase boundary processes.

1. INTRODUCTION Parabolic oxidation is typically observed at
high temperatures and indicates that a thermal

Alloys based on the titanium rich portion of diffusion process is rate-determining.
the aluminum-titanium phase diagram have
been the subject of intense scientific and Mass transport in polycrystalline materials may
developmental work [1]. The benefits of the be dominated by either bulk diffusion or by
substantial engineering investment in alpha, diffusion along grain boundaries and other
super-alpha-two, and gamma titanium short-circuit paths of low resistance. The
aluminides are now beginning to be realized: activation energy for grain boundary diffusion
improvements have been made in ductility, is typically 0.5 to 0.67 that for lattice
toughness, elevated temperature strength, and diffusion, and Dgb/DI a 105. However,
deformation processing [2]. However, the short-circuit diffusion only becomes significant
exploration of the aluminum rich portion of the at homologous temperatures below 0.6Tmp
aluminum-titanium phase diagram is still in its [7]. Application of this rule-of-thumb to
infancy. The exploitation of titanium polycrystalline A1203 and TiO2 scales
trialuminide based alloys as aircraft materials suggests that short-circuit mechanisms may
is of significant interest because of their high become significant below 1120'C and 920'C
melting point (1350°C) [3], high elastic respectively.
moduli (170 GPa), low density (3.35 gcm-3), r
and elevated temperature strength [4,5]. In Ti3A,, TiA1: A number of studies have been
addition, their oxidation resistance is expected conducted to determine the oxidation
to be superior to that of the alpha-two and properties of titanium aluminides[8-2 I]. Their
gamma titanium aluminides. oxidation behavior has been shown to be

composition dependent. Protective A1203
The oxidation of titanium aluminides at high oxide scales are reported to form only when
temperatures is dominated by reaction kinetics the Al content of TiAI exceeds 57% [19].
rather than equilibrium thermodynamics. This Mckee and Huang [11] also examined the
is because the activity of oxygen in ai: is cyclic oxidation behavior of Ti-AI-X-Y alloys
fixed, the supply of oxygen is virtually at temperatures between 850-9000C.
unlimited, and metal oxides are typically more Oxidation resistance was found to increase
thermodynamically stable than metals. with aluminum content and with the additions
Oxidation kinetics are related to a large of Nb and W, as well as with Cr additions of

Prevented at an AGA RD Meeting on 'Characterisation of Fibre Reinjorced Titaniumn Matrix ('omposites: September I/93.
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greater than 8%. This oxidation response was Laboratories, Baltimore, MD. Oxidation
explained in terms of reduced Ti activity, specimens were cut using a water-cooled

diamond wafering saw. The preparation of y-
Al 3 Ti: The oxidation response of cast AI3Ti TiAl and A13Ti was accomplished at the 4
has been examined by Smialek and Humphrey NAWC using a Marko Materials Model 2T
[15]. They observed parabolic oxidation, Melt Spinner. Castings, weighing 0.25 to
controlled by cx-A1203 formation, at 0.35 kg, were prepared in a water cooled
temperatures greater than 1000*C. copper hearth by arc melting. Oxidation
Anomalously high oxidation rates were specimens designated "as cast" were cut from
observed at short times at temperatures below these ingots by wire EDM. "HIPed" 4
1000°C. This was explained in terms of the specimens were cut from arc-cast ingots after
internal oxidation of aluminum which had HIP consolidation.
partitioned during solidification. The use of
titanium trialuminide coatirgs for gamma and 2.2. Oxidation Tests
alpha-two titanium aluminides was studied by
Subrahmanyam [13,14]. AI3Ti coatings on 1) TiAl/Ti3Al. Oxidation tests were 4
Ti-14Al-24Nb decreased cyclic oxidation conducted in air under isothermal conditions,
weight gains by at least a factor of 10. Work at temperatures ranging from 400' to 1500'C
by Urnakoshi, et al [12], and Hirukawa, et al, and test times from 4 to 40 hours. Each
[18] showed that the oxidation rate of bulk specimen was weighed before and after
Al3Ti is lower than that of bulk TiAl by at exposure in order to determine the weight
least a factor of 30 at 1000°C. change due to oxidation. Surface oxide phases 4

were identified using standard x-ray diffraction
The greater oxidation resistance of AI3Ti techniques.
compared to the lower aluminides is due in
part to the tendency for aluminum to oxidize 2) y-TiA1 and AI3Ti. Cyclic oxidation tests
internally in the lower aluminides.[21] were performed on these alloys in order to
Wagner has theorized that the aluminum determine the effects of rapid thermal cycling 4
content of the aluminide must exceed a certain on the oxidation properties. Cycles consisted
critical value, NAlcrit, in order to prevent this of a rapid heat-up (500°C/min) to temperature,
internal oxidation [20,21,22]. Perkins, et al, a 55 minute hold at temperature, and a rapid
[21] have found this value to be about 59% for cool-down outside the furnace for 5 minutes,
TiAl. and each test consisted of 144 or more cycles.

An ATS 3310 furnace was used for the tests; 4
The excellent oxidation resistance of AI3Ti is an apparatus designed and constructed by the
also attributable in part to the nature of the authors was employed to move the specimen in
TiO2/A1203 oxide layer which forms. A1203 and out of the furnace. Oxidation tests were
forms a dense, protective layer, which serves performed on both alloys in both the as-cast
as a diffusion barrier against further oxidation. and the HIPed conditions at 900'C and
TiO2, on the other hand, forms a porous layer 1 100°C in air. Weight gains were measured at 4
of crystals which is only partially protective, increasing intervals using a Sartorius
and tends to spall. TiO2 also has a higher microbalance having a precision of +0.01 mg.
diffusivity to oxygen than does A1203.

Isothermal oxidation tests were performed on
these two alloys to determine their oxidation

2. EXPERIMENTAL PROCEDURE kinetics at constant temperature in air. Tests •
were performed on both the as-cast and the

2.1. Materials and Materials Processing HIPed materials at 900'C, 1000'C, and
1 100°C. Isothermal tests were conducted in a

Three different alloys were examined in this CM Rapid Temp furnace. Specimen weight
study, covering a range of compositions (see was measured to +0.01 mg every 24 hours for
the AI-.Ti phase diagram, Figure 1). These a period of 144 to 196 hours. E
were a two-phase alloy containing Ti3 AI and
TiAI, single-phase y-TiAi, and AI 3Ti which Compositional changes in the alloys and
ideally was also single phase. The oxidation products were identified using
compositions of these alloys are summarized in scanning electron microscopy (SEM) and x-ray
Table I. The two-phase TiAi/Ti3 AI material diffraction. A Rigaku DMAX-B unit with a
was obtained from Martin Marietta 0/20 goniometer and an operating voltage of'

Il
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40 kV was used for x-ray diffraction analysis. hours, and are between linear and parabolic.
For the SEM study, an Amray 1000B was used The appearance of the oxide product is similar
at an accelerating voltage of 15-20 kV. The to that in the cyclic tests.
SEM was equipped with a Kevex Model 8000
EDS with an ultra-thin aluminum/parylene 3.4. Effects of HIPing on Oxidation: The
window. purpose of HIPing the cast y-TiAl and A13Ti

alloys was to reduce the level of porosity and
micro-cracking present, which are believed to

3. RESULTS promote enhanced oxidation. HIPing was
therefore expected to decrease oxidation

3.1. TiAl/Ti3 AI weight gains as compared to the as-cast
condition. Although in general HIPing

Above 1000'C, oxide products formed a thick appeared to reduce oxidation rate constants,
white scale that tended to spall. Considerable the as-cast specimens revealed a wide variation
internal cracking was also evident after in surface quality and porosity, and this
exposure above 1000'C. This cracking appears to have affected the oxidation
occurred along the TiAl/Ti3Al phase properties much more than the changes
boundaries. Weight gain at all temperatures is produced by subsequent HIPing. The
approximately parabolic, effectiveness of HIPing to reduce surface

oxidation is therefore unclear.
3.2. f-TiAI

Cyclic." The cyclic oxidation weight gains for 4. DISCUSSION OF RESULTS
this alloy are shown in Figure 2a. Weight
gain is linear at both 9000 and 1 100 0C. At In analyzing the oxidation properties of these
900 0C the weight gain is about 0.3 materials, oxidation is assumed to proceed
mg/cm2/hr, while that at I 100'C is about 2.6 according to the equation:
mg/cm2/hr. At both temperatures, large
volumes of yellow and white oxides were Wn = kt + C (1)
produced, which flaked off during each cool-
down cycle, where W is the weight gain per unit area after

time t, and k is the rate constant. The units
Isothermal: Oxidation weight gain of this for k are (mg/cm 2 )n/sec. The n-exponent
alloy under isothermal conditions is shown in depends upon the mechanism which controls
Figure 2b. At both 9000 and I 100°C, the the oxidation rate; n= I represents linear or
weight gain appears to be parabolic, in contrast interface-controlled oxidation, n =2 is
to the alloy's linear oxidation under cyclic parabolic or diffusion-limited oxidation, and 3
conditions. The oxide product is thick, represents some form of exponential behavior,
yellow, and adherent, and essentially free of such as oxidation controlled by grain-boundary
visible cracks. Some cracking and spalling did diffusiori.
occur, however, upon cooling to ambient
temperature. The oxidation of these materials was assumed

to follow an Arrhenius-type temperature
3.3. AI 3Ti dependence, wherein

Cyclic: Cyclic weight gains for this alloy are k = A exp(-Q/RT) (2)
shown in Figure 3a. At 1 100°C, weight gain
is initially parabolic, but overall is in between where A is a constant and Q is the activation
linear and parabolic. Average weight gain energy for the rate-controlling process. By
over 206 hours is 0.04 mg/cm2/hr, or about plotting ln(k) as a function of I/T, a straight
1/60 that for TiAI. At both temperatures, the line whose slope is (-Q/R) is obtained.
oxide product is pale gray and powdery, and
non-uniformly distributed. 4.1. TiAI/Ti3 AI

Isothermal: Isothermal weight gains for this The oxide layer formed at 1000°C and above
alloy are shown in Figure 3b. As in cyclic was found to consist of a thin inner layer of
oxidation, weight gains are very low, TiO2 + A1203, and an outer layer of TiO2 +
averaging about 0.06 mg/cm2 /hr over 168 AI2TiO5. This was not quite in agreement
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with the findings of Choudhury [9] and through TiO2, and also very close to the
Mendiratta [101, who detected only TiO2 in activation energy for grain boundary diffusion
the outer layer. At 1 100"C and higher, in A1203 (32 kcal/mol), suggesting that short-
internal oxidation occurred. Aluminum circuit diffusion may control oxide formation
oxidized selectively within the TiAI phase, during the hot portion of the cycle. Parabolic
forming parallel plates of A1203, while behavior is not observed, however, due to the
titanium oxidized within the Ti3AI phase to complete spallation of the oxide during each
form TiO2 in a fine structure resembling cooldown cycle.
fingerprints.

Isothermal Oxidation: The isothermal 4
Parabolic rate constants (k ) were calculated oxidation behavior of TiAl differs from the
from weight gain per unit rime at each cyclic behavior in that the oxide layer does not
temperature. Figure 4 is an Arrhenius plot peel away, because no thermal cycling occurs.
showing kp as a function of I/T. From the Therefore the oxide remains essentially
slope of the resulting line, the activation adherent, and continues to grow in thickness as
energy for oxidation was found to be about 63 long as the specimen remains at temperature.
kcal/mole, which is approximately the same as The outer oxide layer is shown in the SEM
that for bulk diffusion of oxygen through image in Figure 7 to consist of islands of
TiO2. The activation energies for all three A1203 in a porous matrix of TiO2. The
alloys tested are listed in Table 4, along with outermost layer of the oxide is predominantly
the likely rate-controlling mechanism. TiO2, while thin layers within the oxide are

either alumina-rich or titania-rich. These 4
4.2. "y-TiAl regions are believed to correspond to transient

oxidation which occurred during the heat-up
Experiments by Meier, Perkins, et al [20] and cool-down cycles when the specimen was
indicate that Al-Ti compounds containing less removed from the furnace for weighing.
than 59 atomic % (45 weight percent)
aluminum do not form a continuous A1203 Even with the adherent oxide, there is
scale, but rather a mixed A1203/TiO2 layer evidence of internal oxidation of aluminumn at
under an initial layer of almost pure TiO2. all test temperatures. At 900' and 1000°C,
This was found to be the case in these the internally oxidized zone consists of a iwo-
experiments on near-stoichiometric TiAi, as phase outer region about i0/gm thick,
well. consisting of plates of A1203 in aluminum-

depleted TiAI, and a single-phase region E
Cyclic Oxidation: As can be seen from Figure underneath which was also found to be
?a, the cyclic oxidation behavior of TiAI is aluminum-deficient compared to the TiAI in
linear. During the hot portion of the cycle, the unaffected areas. This lower layer may be
oxide formed is more or less adherent. Ti3AI or simply titanium-rich TiAI. At
However, upon cooling, it becomes detached 1100°C, the internal oxidation zone consists of
and peels away due to the thermal expansion a two-phase outer layer containing A1203 and 4
coefficient mismatch between the oxide and a severely Al-depleted phase, and an inner
the TiAi, exposing the underlying TiAI to the two-phase layer in which the aluminum is
next hot cycle. The SEM image in Figure 5 depleted to a lesser degree (see Figure 5). The
suggests that oxidation occurs through the overall thickness of the zone is nearly 100 /Am.
selective oxidation of aluminum within the The A1203 in the outer layer appears to form
TiAI. This alumina formation depletes the on preferred crystallographic planes within
surrounding TiAI of aluminum, eventually each TiAI grain.
raising the activity of titanium high enough
that the formation of TiO2 becomes It appears that the oxidation of TiAl begins
thermodynamically favorable, with a brief initial transient period in which

TiO2 is the major product. Thereafter,
Table 2 shows the calculated linear rate oxidation proceeds via internal oxidation of
constants for the cyclic specimens at 9000 and aluminum, forming plates of A1203 in an
I 100°C. Although tests were conducted at increasingly aluminum-poor matrix.
only two temperatures, the In(k) versus li/T Meanwhile, this matrix is consumed from the
plot in Figure 6 suggests an activation energy outer surface inward; this explains the
of about 34 cal/mol. This is about 57% of the observed oxide morphology. The rate of
activation energy for bulk diffusion of oxygen titanium consumption is controlled by the rate
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of A1203 formation, in that the formation of Cyclic Oxidation: When the cyclic oxidation
alumina eventually raises the activity of data in Figure 3a is plotted as weight gain per
titanium in the TiAI to the point where TiO2 unit area versus (time)1 /2 , the slope of a
formation becomes favorable. The exponential straight line drawn through the data points is
behavior observed over a range of test times, then equal to the parabolic rate constant kp. It
however, indicates that the overall oxidation was found that the slope is not constant in
rate is controlled not by A1203 formation, but some cases, but rather decreases with
by the inward diffusion of oxygen through the increasing time. This suggests that either the
oxide. This is supported by Figure 6, which rate constant decreases with time or the n-
shows the activation energy for oxidation to be exponent in Equation I is actually greater than
about 28.8 kcal/mol (just under half the 2. The latter possibility is discussed in detail
activation energy for bulk diffusion of oxygen in Reference [23]. For these calculations, the
through TiO2) based on linear kinetics, or 57 former case is assumed, and kp values are
kcal/mol based on parabolic kinetics. The rate calculated based on the longer test times.
of isothermal oxidation therefore appears to be These values are shown in Table 3. For cyclic
controlled by some combination of short- oxidation, the activation energy Q was found
circuit and bulk diffusion through TiO2, with to be about 35 kcal/mol (Figure 8), which is
the latter expected to be dominant above very close to the activation energy for short-
920°C. Note that the true behavior is roughly circuit (grain boundary) diffusion of oxygen in
parabolic, but measuring the weight gains at A1203 or TiO2. However, by differentiating
successive intervals required the use of Equation 1 with respect to time and convcrting
multiple specimens, so parabolic rate constants the rate of weight gain into an inward tlux of
could only be estimated by assuming C in oxygen, it can be shown that the observed
Equation 1 to be zero. Both linear and oxidation rate is much too high to be cxplained
parabolic constants are shown in Table 2. by even grain boundary diffusion. This

calculation appears in a previous paper by tile
4.3. AI3Ti authors, and can be found in Referencc 1231.

It may be that the cyclic oxidation rate of
Al3Ti has been noted by previous researchers AI3Ti is controlled by the inward diffusion of
for its ability to torm a continuous A1203 molecular oxygen through cracks in the oxide
coating, which acts as a barrier to the diffusion layer, rather than lattice or short-circuit
of oxygen and aluminum ions. Oxidation diffusion.
weight gains are therefore typically assumed to
follow the parabolic form of Equation 1. The Isothermal Oxidation: Parabolic rate constants
oxidation behavior of AI3Ti appears to be were determined for these tests in the same
strongly influenced by both its chemistry and manner as for the cyclic tests. These kp values
the surface quality of the specimens. are shown in Table 3. The rate constants for
Thermodynamically, A1203 is expected to isothermal oxidation are slightly lower at
form preferentially to TiO2; however, since 900°C than in cyclic oxidation, but somewhat
AI3Ti is ideally a line compound, the higher at I 100 0C. There is also a knee in the
preferential formation of A1203 results in the isothermal data at 1000'C, as can be seen in
formation of lower aluminides which are less Figure 8, indicating a possible change in
oxidation resistant than AI3Ti. The oxidation transport mechanism around that temperature.
of AI3Ti was therefore expected to proceed Below 1000 0C, the activation energy is close
according to the reaction: to the value expected for grain boundary

diffusion in A1203, while above 1000°C it is
4 AI3Ti + 13 02 =* 6 A1203 + 4 TiO2 (3) close to that for bulk diffusion in alumina.

The observed oxidation rates, however, are
SEM/EDS examination suggests that TiO2 is still much higher than those predicted for
not present in significant amounts in the diffusion control.
A1203 coating, and therefore may not
contribute to diffusion processes. The lack of A partial explanation for the unusually high
TiO2 in the oxide may be a result of oxidation rates and rate constants in th.is

preferential A1203 formation, due to the material was found by comparing the oxide
reduced oxygen partial pressure at the thickness inferred from weight gain with the
oxidizing surface, once an A1203 layer has actual thickness as measured from S"iM
been established. images. The weight gain after 10 8 hours at

I 100°C suggests that the thickness of the oxide
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should be 37.Mm. However, micrographs internal oxidation accounted for 90% of the
clearly show that the outer oxide is only 4 ltm total weight gain.
thick. The remaining 90% of the weight gain
was found to be the result of the internal 4. The oxidation of TiAI/Ti3AI is roughly
oxidation of a second phase, which was parabolic at all temperatures, while the
identified previously as ac-Al, and which oxidation behavior of TiA1 is linear. The
constitutes 2.1 volume percent of the material, oxidation behavior of Al3Ti was fit to
[24] If it is assumed that this phase oxidizes parabolic kinetic equations; however, the n
completely, the remainder of the observed exponents were generally greater than 2.
weight gain is just enough to form a surface
layer 3.7 Mm thick. Similarly, the oxide 5. The oxidation kinetics of AI3Ti are
coating after 24 hours at 1000°C was about controlled by the short circuit diffusion of
2Mm thick, suggesting that about 22% of the molecular oxygen through cracks and
second phase has oxidized. imperfections in the oxide scale.
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TABLE 1. Alloy Compositions (Wt.%)

Alloy Aluminum Titanium
TiAI+TiIAI 32.4 66.8

y-TiAl 36 64
AljTi 62 8 37.2

TABLE 2. y-TiAI Oxidation Kinetics

Rate Constant, k
Temp.°C Condition Linear Parabolic

(mg/cmT-hr) (mg2/ccm hr)
Cyclic 900 As Cast 0.328 ....

1100 As Cast 2.674 ....

Isothermal 900 As Cast 0. -95" 16.5
HIPed 0.852* 15.8

1000 As Cast 2.225* 119
HIPed 1.783* 76

1100 As Cast 1.961* 025
_ HIPed 5.032* (178

* - Based upon the total weight gain after 24 hours

TABLE 3. AI3Ti Parabolic Oxidation Paramete s

Temp.°C Condition Rate Constant
kp (mng 2 /cmn4hr)

Cyclic 900 As Cast 0.0052
1100 As Cast 0.3324

HIPed 0.0460

Isothermal 900 As Cast 0.0031
HIPed 0.0014

1000 As Cast 0.0095
H I1?ed 0.0086

1100 As Cast 0.82660
HIPed 0.2460



TABLE 4. Summary of Activation Energies (Qj
an(; Rate-C ont rolling Mechanisms

Q
Alloy (kcal/m le) Rate-Ct ntrolline Mechanism

TrijAI -r- TiAI 63 Bulk diliusion thru 'rig

yi-TiA-I-sotherrnal 59 Bulk diffusion thru TiO9?

y1-TiA I-Cyclic 34 Short 'circuit diffusion thru TiG? or TiAI

Al ji-lsotherrnia 34-50 S.C. diffusion thru oxide (< 1000'()

_______________ 100 Bulk diffusion thru AbO3 (> 1000" C)
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METHODOLOGIES FOR THERMAL AND MECHANICAL TESTING OF TMC MATERIALS

George A. Hartman
Dennis J. Buchanan

The University of Dayton Research Institute
300 College Park

Dayton, Ohio 45469-0128
USA

SUMMARY displacement measurement. Each of these methodologies
are described in detail in the next section.

An overview of test techniques currently being used at the
Air Force Materials Directorate/MLLN laboratories for EXPERIMENTAL METHODOLOGIES
elevated temperature testing of TMC materials is
presented. Methods for test system alignment/specimen Test system alignment/specimen gripping
gripping, specimen heating, temperature measurement, and
displacement measurement -,re discussed in detail. In Most of the currently available TMC materials exhibit
some cases, the interdependence of choices made in each limited ductility. The ductility limit is sometimes due to
of these areas is also discussed. A description of a the inatrix material but more often is fixed by the failure
complete system used to perform a variety of thermal and strain of the fibers. The most common fibers currently in
mechanical tests on TMC materials is presented Seected use are SiC fibers which exhibit failure strains less than
results from tests using this system with TMC materials 0.Olmm/mm. This limited ductility means that accurate
are presented. test qystem alignment and specimen gripping methods are 4

required since it is not possible to rely on specimen
INTRODUCTION yielding early in the test to rectify any bending that may

initially be present.
Both btructural and propulsion systems of hypersonic
vehicles require application of materials with relatively Test system alignment and specimen gripping are, in
low density, high modulus, and good elevated temperature general, addressed as a single issue in mechanical test
strength and endurance. Although traditional materials systems. This is because the practical concerns involved
are being considered, increasing emphasis is being placed in developing methodologies to address the two issues are
on developing new materials with the desired tightly linked. Even so, the two issues have separate
characteristics. Continuous reinforced titanium matrix requirements that must be independently considered to
composites (TMCs) have been identified as one class of achieve satisfactory results.
materials that have the potential to satisfy hypersonic
vehicle design requirements. Methods of test system alignment for uniaxial testing

must address the following three requirements:
The process of evaluating the mechanical and thermal I the three rotational degrees of freedom (DOF) of
behavior of TMC materials presents certain challenges. each grip must be aligned at the point of contact
For example, these materials are typically costly to between the specimen and grip,
produce - at least in the development stage. Thus, it is 2 the two transverse translational DOF of each grip
often necessary to limit specimen size so that the must be aligned at the point of contact between
maximum number of test results can be obtained from a the specimen and grip, and
given supply of material. This reduced specimen size I the remaining (axial) translational DOF must be
may make it impossible to use conventional test parallel to the axis of symmetry of the specimen
methodologies and thus, new methodologies appropriate when the specimen is installed in the grips.
to TMCs may need to be dcýclopcd. Figure I illustrates a grip system that meets these

I requirements.

This paper addresses methodologies developed by

University of Dayton and Air Force researchers to address The requirements for specimen gripping vary with the
four of the many issues that require special attention when specimen geometry, however, for the purposes of this
testing TMC materials. The four methodologies selected discussion we will concentrate on flat-plate type
for discussion include test system alignment/specimen specimens since this is the most common form in which
gripping, specimen heating, temperature measurement, and TMCs are tested. For the flat plate geometry, the

Presented at an AGARD Meeting on 'Characterisation of Fibre Reinforced Titanium Matrix Composites: September 1993.
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Figure 1. Schematic of Gdp System That Meets the Kinematic
Requirements for Unidirectional Alignment

specimen gripping methodology must meet the following specimen, inserts may be coated with Surfalloy®. For
requirements: most TMCs tested in the Materials Directorate MLLN
I the grips must provide sufficient traction on the laboratory, Surfalloy-coated inserts are not needed to

specimen surfaces to prevent slipping under the provide sufficient traction without crushing the specimen.
test loads,

2 the transverse clamping forces must not crush the Alignment of the specimen in the grips is accomplished
specimen or cause premature failure in the grip by placing each end of the specimen a fixed distance from
region, and the lateral edge of the grip using a depth gage.

3 a method must be available to ensure that the Alignment in the out-of-plane direction is inherent in the
longitudinal axis of symmetry of the specimen is grip design due to the floating yokes and double-
parallel to the axial DOF of the grips as cantilever grip body. The yokes ensure that equal forces
discussed above, are applied to each of the grip arms and the use of a

monolithic grip body ensures that each cantilever arm
The fixed-grip system developed in-house for use with deflects an equal amount. In addition, the deflections are
TMCs addresses these issues explicitly, i.e., direct kept to a minimum using inserts whose thickness is
measurements or physical constraints are used to meet the chosen based on the specimen thickness. Specimens are
requirements. This is in contrast to methods which use thus positioned within the grips using the same reference
strain-gaged specimens in conjunction with elastic surfaces that were initially used to align the grip system.
material response relationships as an indicator of grip This method ensures that the axis of symmetry of the
misalignment. Although the latter method is commonly specimen is parallel to the axial DOF of the grips. Direct
used, it involves assumptions regarding specimen measurements of specimen misalignment yield an
symmetry and material homogeneity that the explicit effective tolerance of ±0.001 5rad for this system.
alignment method avoids. Figure 2 illustrates the steps
used in explicitly aligning the grip system. Figure 3 shows a typical bending strain check obtained

from one of the test stations utilizing the fixed-grip
As in many commercial grip systems, the transverse system. As can be seen from the data, the bending strains
force. used to clamp the specimen are adjusted by varying are less than 2% at an axial strain of 0.00025mm/mm.
the hydraulic pressure applied to the clamping cylinders. The modulus values computed from strains taken from
To improve the traction between the grip inserts and the each of the four specimen sides vary by less than 1.5%.
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8/A < 0.001

Upper Grip is Fixed to Load Cell Lower Grip is Fixed in Wood's Metal Lower Grip is Translated
Lower Grip is Free to Move Alignment Angles are Removed Dial Indicators are Used to Venty That

Alignment Angles are Attached the Translation is in the Grip Z-direction

Figure 2. Schematic of the Steps Used to Align the Grp System.

Specimen Heating I the inability of a single induction power
source to independently vary the energy

Since the candidate composite materials are intended for input to various points on the specimen
use at elevated temperatures, it is essential that their throughout the thermal cycle, and
behavior be characterized at representative service
temperatures. Operating temperatures of over 800"C are 2 the large test section aspect ratios
projected for some of the TMCs. typical of MMC TMF tests.

There are several challenges to overcome in heating TMC The test section aspect ratio is defined as the ratio of gage
specimens for the required mechanical tests. First, the length to characteristic transverse dimension. For typical
limited amount of material available for many emerging tubular and cylindrical low-cycle fatigue (LCF) and
TMCs and the desire to perform some tests in monolithic alloy TMF specimens, the test section aspect
compression dictate that specimens be as short as ratios are less than 2 and single-zone controls like
possible. Second. tests requiring temperature cycling such induction heaters are appropriate. Many of .. IC
as strain-control thermomechanical fatigue (TMF) must be TMF tests, however, are performed on specimens with
performed. Third. the specimen is typically mounted aspect ratios as large as 25. These large aspect ratios
between two thermally massive grips. Thus, it is make it especially difficult to maintain uniform
necessary to heat and cool a relatively short specimen as temperature fields because of reduced thermal conduction
rapidly as possible while maintaining a uniform spatial paths between distant points on the specimen.
temperature field in the specimen gage length. It is
generally not desirable to heat the grips along with the To meet these challenges, a multi-zone (lwir,,-lamp
specimen due to the large power input required and the heating system III is being used that allows dynamic
non-uniform temperature distributions produced by the adjustment of the energy input at up to four zones on the
large thermal mass of the grips relative to the ;pecimen. ;pecimen I ksing the specially designed reflector shown

in Figure 4. the lamp energy can be directed to localized
Induction heating has been successfully used in-house for regions on the specimen. Uniform spatial temperature
isothermal testing, however, our experience indicates that fields can be generated by controlling the temtIperature at
it is very difficult to maintain uniform spatial temperature multiple points on the specimen using independent closed
gradients during thermal cycling. This is due to two loop controllers. In a typical 360s thermal cycle from
factors: 425 to 1 5"C. temperature measurements showed lest. than

5"C gradient on the specimen. Temperatures as high as
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Figure 3. Grip Alignment Data for Grip System on MMC Test Station #12.

1500'C have been obtained using ihis unit. Higher unit. Second, properly attached TCs stay in the same
temperatures are possible by changin; the shape of the location relative to the specimen, even under high
reflector interior, displacement conditions. Third, TCs can be accurately

located 'on the specimen using spot-welding techniques.

The in-house test systems are constructed in such a way

that the long axis of the specimen is horizontal. This aids A significant disadvantage to direct welded TCs is the
in reducing thermal gradients by restricting convection specimen damage associated with the welding process.
heat transfer (the chimney effect) to the short transverse The relative importance of this damage depends on the
axis of the specimen. existing defects or damage in the test article and the type

of data that will be collected during the test.
Specimen cooling, when necessary, is performed using
forced air jets to provide more cooling than necessary First, if the weld damage is small compared with the
during decreasing portions of the thermal cycle. The existing defects or damage then the weld will have little
multi-zone heating system is then used to provide make- effect on the test results. Minimizing the weld damage
up heat as needed to maintain the desired thermal cycle, can be accomplished by using small diameter TC wire

and low weld energy. TC wires of 0.13mm diameter and
Temperature Measurement weld energies of 4-5J are used in-house to produce a

minimum of weld damage.
One of the disadvantages of multi-zone heating equipment
is that multiple temperature measurement devices must be Second, if the type of data to be collected is not affected
used to control the various zones. Thus, it is important to by weld damage then spot-welded TCs may be
find a robust and convenient way of monitoring acceptable. For example, it is possible to perform low-
temperaturc at sclcaLcd locations on the specimen. cycle fatigue tests using welded TCs provided that test
Various methods were considered for the in-house data is not required past the point where cracks begin to
program, however, spot-welded thermocouples (TCs) were form at the weld site. In this case, it may be possible to
found to be the most effective method, obtain all of the necessary data before the weld damage

progresses to a significant degree.
There are several benefits to spot-welded TCs. First, the
intimate contact provided by direct welding avoids TC In practice, spot welded TCs have rarely produced
bead radiation errors that can be significant in high premature failure of TMC specimens subjected to high-
radiation environments suci as in the quartz-lamp heating cycle fatigue, tensile, TMF, or creep test conditions

I.. .i ijj/ l
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Reflector Width = 61 mm

Quartz Lamp

Loading Axis
4 tTest Specimen

\C Quartz Window

Figure 4. Specially Designed Quartz Lamp Reflectors.

during in-house tests. This experience has been obtained This problem has been circumvented in the current project
from hundreds of tests under the various conditions. The because, as described above, the longitudinal axis ol the
author speculates that the lack of weld damage effects on specimen is hori/ontal in the test frame. Since the rigid
specimen life is due to: body translation of the extensometer will now he in a
I the extremely limited weld damage produced by horizontal direction, vertical forces at the extenometer

small TC wires and low weld energy. and measurement head can be applied to counterbalance the
2 the relatively large existing damage in TMC weight of the extensometer independent of any rigid body

specimens due to exposed fiber ends. broken translation. Thus, the forces used to press the
internal fibers, and damage in the fiber-matrix extensometer against the specimen can be drastically
interface reduced since all these forces must do is maintain contact

between the points of the extensometer rods and the
Displacement Measumment specimen throughout the test. Contact forces as low as

15g per rod have been successfully used in conjunction
Conventional elevated-temperature extensometers have with conventional elevated-temperature extensomneters for
worked well on tests of monolithic materials under TMC testing in the in-house systems
conditions similar to those used with TMCs and, initially.
there seemed to be no compelling reason to switch to INTrEGRATrED SYSTEM
another technique. The small siue of many MMC
specimens, however, means the high contact force of A number of "[IMC test systems incorporating the
conventional elesated-temperature extensometers can methodologies and components described in the preceding
produce significant specimen damage in some situations. sections have been assembled. Figure 6 is a photograph

of one of the systems with an MMC specimen in place.
When !:ing an elevated temperature extensometer in a
vertical system, the weight of the extensometer must be The systems utili/e standard servohydraulic controls and
counterbalanced by the same contact forces that press the actuators as well as commercial load cells with high
extensometer against the specimen (Figure 5). lateral stiffness. Anti-rotation devices are fitted to the
Counterbalancing the weight of the extensometer is hydraulic actuators to restrict rotation of the moving grip
accomplished by adjusting the angle of these contact about the loading axis.
forces or the difference between the forces on each rod.
'•Is adjustment becomes increasingly difficult as the Translation stages are provide_-d to allow precise
magnitude of the contact forces are reduced. positioning oh the lamp heaters prior to testing. These
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W

Figure 5. Effect of Extensometer Orientation on Coupling of Contact and
Weight Forces&

stages also allow the lamps to be moved out of the way Isothermal Fatigue Crack Propagation Test Results

for specimen loading and instrumentation.
A number of fatigue crack propagation tests have been

A commercial pneumatic-to-hydraulic intensifier is used performed under isothermal conditions on TMC materials
to provide up to 70MPa pressure to the grip cylinders. using the MMC test systems. Figure 7 shows the data
This translates to a maximum of approximately 45kN of obtained from one of these tests on a modified single
transverse force at the grip insert faces. This clamping edge tension (MSE(T)) geometry. This geometry is
force, sometimes in conjunction with Surfalloy® coated equivalent to the ASTM SE(T) with the pin loading
grip inserts, has proven to be sufficient for all of the condition replaced by a fixed displacement loading
MMC testing performed in-house, condition. Appropriate compliance, DC electric potential,

and stress intensity equations were derived so that
Mechanical waveform generation, thermal waveform automated methods could be used to control the test and
generation, data acquisition and analysis, and general test acquire the data. The purpose of this test was to study
control functions are performed by the Material Analysis the relationship between the compliance crack length, the
and Testing Environment (MATE) test automation system DCEP crack length, and the observed bridging of the

121. fracture surface by fibers.

TEST RESULTS Isothermal High-Cycle Fatigue Test Results

A large number of tests have been performed using the Figure 8 contains data from an isothermal fatigue test run
systems described in this paper and it is inappropriate to under nominally elastic conditions. Note that even though
discuss here every type of test performed. Several nominally elastic conditions were used, the shapes of the
selected sets of data from different types of tests are hysteresis loops indicate the accumulation of damage as
presented, however, to illustrate the flexibility of these the test proceeds. Tests of this type are being used to
systems in testing MMC materials and the types of data study the various damage mechanisms present and when
that can be obtained using them. each becomes significant. In addition to the hysteresis

loop data, acoustic emission information is often gathered
from these tests to obtain additional information about the

damage mechanisms.



Figure 6. Photo of MMC Test Station Showing Grip and Quartz Lamp
Heating Systems.
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Figure 7. MMC Fatigue Crack Propagation Data Obtained With the MMC
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1. SUMMARY and control the formation of the fiber-matrix
Titanium matrix composites (TMCs) are interphase so that the composites behave as
currently being developed for high strength per the material design criteria. As a result, it
and high stiffness applications with improved is essential to understand how the fiber and
elevated operating temperature behavior. In matrix interact. Furthib such a 'designed
order to provide guidelines for the property' approach is critical to both the cost
development of new TMCs with the desired and the performance of these materials.
properties and to ensure reliable use, a However, for any 'designed property'
thorough understanding of material behavior approach to be successful, it is imperative to
is required which necessitates the have a method of interface characterization
development and use of appropriate during the developmental stages of the
nondestructive evaluation (NDE) methods. composite. There is also a need for a
This work outlines the concurrent use of NDE nondestructive method of evaluating th,ý
during composites development as well as microstructure of the matrix material so that
material behavior studies of TMCs. The paper the processing parameters can be suitably
presents results based on various ultrasonic adjusted to obtain the desired failure behavior
techniques developed in the Materials due to the microstructure of the titanium
Directorate, Wright Laboratory of the US Air alloy. Life prediction for TMCs has unique
Force for the evaluation of different aspects needs for the understanding of failure
of development and use of TMCs to tailor the mechanisms and material behavior. In
properties for a particular application, particular, during the study of the elevated

temperature interfacial degradation in
During the design and development of fiber environmentally exposed titanium matrix
reinforced TMCs, there is a need to design composites, it is essential to have a

nondestructive characterization tool to
On-site contracts, WI/MLLP (Contract No F33615- monitor the initiation and progression of

89-C-5612 P. Karpur) and WL/MLLN (Contract No internal damage of the composites. In
F33615-91--C-5606 D. Stubbs), Materials Directorate, addition to the needs discussed above, it is
Wright Laboratory, WPAFB, OH 45433-7817. essential to ensure that the composite panels
2 National Research Council Associate that are to be tested are devoid of any
3 On-site contracts, WLJMll.M , (Contract No manufacturing problems suL~i as poor

F33615-92-C-5663), Materials Directorate, Wright consolidation, fiber swimming, voids, etc.
L-aboratory.WPAFB,Ofi45433-7817. Otherwise, the rLsults of tests for life

Preiented at an AGARDI Meeting on 'Characterisation ofFibre Reinforced Titaniun, Matrix ('rnpovute%. Septernher 1(93.
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piediction will reflect the data scatter due to and life expectancy under use conditions, and
manufacturing defects rather than only due to (e) the quality of composite panels being
the material prope.ties. made for the above studies.

In this paper, we present a collection of A successful development and use of a new
various methods of ultrasonic nondestructive class of materials such " TMCs require the
evaluation of TMCs useful for applications use of suitanle nondestructive evaluation
during material design, development, and life (NDE) methods. However, nondestructive
prediction studies. First, a novel approach for evaluation techniques have been historically
the evaluation of the elastic properties and used only in organic matrix composites to
behavior of the fiber-matrix interface will be detect processing flaws, inherent defects, and
provided by introducing a mechanical also in metallic materials for the detection of
parameter called the interfacial shear stiffness damage such as cracks. A proper utilization
coefficient which can be measured using of the traditional NDE methods for a material
ultrasonic shear wave reflectivity technique. such as TMC requires suitable modifications
In addition, a Scanning Acoustic Microscopy and adaptations of the existing NDE methods.
(SAM) method will be presented to clearly Techniques that have been traditionally used
demonstrate the ability for the monitoring of in a macroscopic or global level are visual,
the matrix cr. -king and the initiation, growth, ultrasonic C-scan, X-ray, eddy current, dye
and accumulation of interfacial degradation. penetrants, acoustic emission, and magnetic
It will be shown that the SAM can be particle inspection. In addition, a new trend in
effectively used to delineate the impact of the use of NDE for material characterization
stress, temperature, and duration of exposure is be_ýoming more important and critical
of the fiber-matrix interface in TMC test during the developmental stages of a new
specimens with different stress concentration class of materials. Innovative ultrasonic
L.ometry that have been subjected to cyclical nondestructive methods for property
mechanical loading with either isothermal evaluation and characterization in
exposure to temperature, or superimposed microscopic and localized levels can enhance
cyclical thermal loading (in-phase or out-of- the composite development process.
phase with mechanical loading). Also,
methods of prescanning the samples for fiber The objecti\e of this paper is to describe the
swimming, embedded manufacturing role o1 ultrasonic nondestructive evaluation in
anomalies, etc. will be discussed. Finally materials development for both innovative
ultrasonic imaging of fiber breaks of a few methods of (local) micro-property
micrometers width in model composites will characterization and global quality assurance
be presented. so that the composite being designed can be

evaluated through various stages of
2. INTRODUCTION development ..uch as material selection, life
The use of titanium matrix composites prediction, material behavior, fracture
(TMCs) as structural composites requires a mechanics, etc. The nondestructive methods
good characterization and evaluation of developed during the initial stages of the
nascent composite systems in research and design of the composite system can also be
developmental stages. Such a need for the used after the development in order to: (a)
characterization necessitates a concurrent assure that the composite panel is free of
developmental approach involving several defects while the designed properties arc
fields of expertise so that it can be verified being achieved during production, and (b)
[11. Such multidisciplinary interactions make detect the degradation of initial properties
it possible to evaluate (aW the compatibility of because of use. The paper will first present
different types of matrix materials with novel and innovative methods of ultrasonic
different types of fibers including the effect of nondestructiie characterization of TMCs
different types of fiher coating on the load during the developmental stages o; ,ne
transfer between the matrix and the fiber, (b) composites followed by a brief discussion on
the effect of processing conditions such as modified traditional techniques for global
temperature, pressure, environmental gases inspection of TMCs.
used during fabrication, duration of'
processing, etc., (c) the suitability of the 3. MICRO-PROPERTY EVALUATION
overall mechanical pr',lperties for the intended DURING THE DEVELOPMENT OF
application, (d) the material behavior and life TMCs
prediction studies to evaluate failure modes In order to design a composite with suitable

j
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properties for the intended application, the bonding experiments using small samples.
development of the composite system should The initial processing temperatures are
progress from a global sense to a microscopic chosen on the basis of known flow
approach. For example, during the initial characteristics of the matrix alloy at different
stage of design, materials will have to be temperatures and strain rates. The
selected for optimum chemical compatibility consolidation of these samples is checked by
to avoid global problems such as warping, metallographic examination of polished
corrosion, high temperature resistance, etc. In sections. However, the use of metallography
the next stage of design, the composite alone is generally inadequate since
system will have to be evaluated for consolidation often occurs nonuniformly
macroscopic anomalies such as porosity, lack within the sample. A normal incidence
of consolidation, fiber swimming, etc. Thus, longitudinal wave method has been used to
in this stage of development, there is a need map the extent of poor consolidation between
for optimization of the material processing the foils [21. The technique is rapid, easy to
parameters. However, since the changes in use and capable of detecting consolidation
the processing parameters could introduce problems as small as a few tens of microns.
global problems of warping, etc., there is a The fact that the technique is nondestructive
necessity for iterative material selection and makes it feasible to evaluate the integrity of
processing parameter modulation until the the samples so that they can be used for
global and macroscopic design are achieved further tests such as fragmentation, push-in,
to satisfaction. The final step (with the push-out, etc. The detection of improper
necessary feed back) of composite consolidation is demonstrated in Figure 1
development would be the control of the local wherein a model titanium alloy based
properties such as the chemically formed composite (Ti-24AI-I INb/SCS-6) fabricated
interphasc region between the fiber and the by the foil-fiber-foil approach is shown.
matrix materials. Nondestructive evaluation
can play a critical role in all the stages of the
development of a composite. 3.2 Ultrasonic Evaluation of Matrix

Microstructure
3.1 Ultrasonic Evaluation of Lack of Conventional titanium alloys can be classified
Consolidation as near alpha, alpha + beta or meta stable beta
Materials such as TMCs which are based on compositions. A variety of microstructures
reactive matrices with high melting with different phase morphologies can be
temperaturcs are processed by solid state obtained depending on the alloy composition
diffusion bonding of matrix foils, powders or and processing conditions. All these alloy
sprayed deposits with reinforcements. For classes have been investigated to develop
example, the processing of continuously matrices for the fiber reinforced metallic
reinforced composites by the foil-fiber-foil composites. For example, published work
method typically involves diffusion bonding includes composites based on the two-phase
of rolled matrix alloy foils with reinforcing alloy (Ti-6A1-4V), the near alpha alloy (Ti-
fibers in the form of woven mats with a cross 11X)), and the metastable beta alloys such as
weave to hold the fibers in place. The foils Ti-15-3 and Timetal 21S. More recently,
and the fiber mats are stacked alternately and there has been considerable interest in
consolidated by vacuum hot pressing or hot compositions based on Ti alloys containing
isostatic pressing. The processing conditions much higher levels of aluminum and niobium
are to be carefully selected in order to achieve leading to the formation of ordered
complete consolidation and produce intermetallic compounds based on alpha-2
acceptable composite material While higher and orthorhombic phases which appear to
temperatures and longer processing times provide improved mechanical properties and
may enable consolidation, they can promote oxidation resistance.
undesirable reactions at the fiber/matrix
interface and also cause high residual stresses While different types of matrix
after the composite is cooled to ambient microstructures have been experimented for
temperature. On the other hand, lower the TMCs, existence of multiple types of
processing temperatures can lead to fiber grain structure in the composite, especially
damage as well as incomplete consolidation, near the fiber-matrix interface region might

be undesirable for certain types of TMCs.
In practice, optimum processing conditions Also, changes in the microstructure of the
are determined through preliminary ditlusion matrix from region to region of the sample
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50 MHz Transducer

improper Consolidation

Figure 2 (a) Image of Single Fiber
embedded in Homogenous Ti-6AI-4V

* Matrix with fine equiaxed alpha+beta
microstructure. (b) Single Fiber Image in
Ti-6AI-4V Single Fiber. (c) Ti-6-4 Three
Fibers.

Matrix 3.3 Interface Analysis
The properties of a composite system are
dominated and determined by the properties

- and the behavior of the interface between the
fiber and the matrix materials. It is at the
interface that the load transfer takes place and
the crack resistance exists. As a result, the
characterization of the interface is of great

Figure 1 Ultrasonic Evaluation of Lack interest to the researchers who are developing
of Consolidation. The image at the the composite materials. Many investigators
bottom was obtained using a 50 MHz have employed a number of experimental
focused transducer as shown on the top. techniques including fiber pull-out, fiber

push-out, and fiber fragmentation tests 13-71
might introduce zones of stress concentration to characterize the interface. These techniques
resulting in reduced overall strength of the are 'destructive' in nature. There are
composite system. Thus detection, nondestructive methods of interfacial analysis
monitoring and control of the microstructure being developed [81 to be used in conjunction
of the composite matrix is essential to obtain with the destructive tests as well as by
overall mechanical behavior of the composite. themselves [9-111 in a completely
Ultrasonic NDE provides an excellent tool to nondestructive mode. The following sections
detect the existence of anisotropy in the will outline three modes of ultrasonic NDE
matrix. Figure 2 demonstrates the application wherein the first method will show the use of
wherein Figure 2 a is the image of a single ultrasound in conjunction with the fiber
fiber embedded in finer homogeneous fragmentation technique. The second method 4
equiaxed alpha + beta Ti-6AI-4V matrix will be a completely nondestructive method
microstructure (morphology obtained from of interface characterization using ultrasonic
metallography). Figure 2 b shows the image shear wave back reflectivity technique (SBR).
when the matrix microstructure was coarser The third method outlines an ultrasonic
plate-like alpha + beta morphology due to the 'Scanning Acoustic Microscopy (SAM)'
presence of interstitial impurities during the technique to evaluate the fiber-matrix 4
processing of the composite. Similarly, the interfacial degradation I1I i due to elevated
ultrasonic image of three fiber embedded in temperature effects.
Ti-6AI-4V matrix is shown in Figure 2 c. The
matrix was consolidated at a temperature 3.3.1 Ultrasonic Imaging of Fiber
slightly above beta-transus. Under Fragmentation Samples
metallography, the matrix regions away from In the fiber fragmentation test, a composite 4
the fibers show coarse alpha plates and sample made of a single fiber embedded in a
elongated beta phase while the matrix ductile matrix is subjected to tensile loading
adjacent to the fibers shows equiaxed alpha along the fiber axis. When the tensile stress,
plus beta structure which was stabilized by which is transferred from the matrix to the
carbon diffusion from the fiber. fiber by shear, exceeds the local fiber

Il
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strength, the single fiber breaks successively the fiber was excellent. Also, the wave front
into smaller fragments until the fragments was slightly defocused (0.06") in to the fiber
become too short to enable further increase in interface. The reasoning for the defocus will
stress level. Using arguments based on shear follow in a later section of this paper. Figure
lag analysis, Kelly and Tyson [31 showed that 2 shows the schematic of the shear wave
the critical length of fiber for load transfer, interrogation approach.
Lc, is a function of the interfacial shear stress
according to the equation

Ti:- fd \,Angf of wde

where ti is the shear stress, af is the tensile
strength of the fiber of critical length and d is
the fiber diameter.

The Ti-6AI-4V/SCS-6 and Ti-14AI-
21Nb/SCS-6 composite samples were 11W
fabricated by diffusion bonding two matrix
alloy sheets with a single fiber between them.
The processing method consisted of vacuum
hot pressing at 9250C/5.5 MPa/30 min.
followed by hot isostatic pressing at Figure 3 Ultrasonic Experiment Setup
101000C100 MPaI2 hr. The consolidated
samples were machined into 1.5 mm thick Figure 4-a shows an example of the 'before
sheet tensile specimens with 19.05mm x 6.35 loading' image of a SCS-6 fiber embedded in
mm gage sections. All samples were a type of Titanium Aluminide matrix (Ti-6AI-
examined by microfocus x-ray radiography to 4V). Figure 4-b shows the fiber after loading.
ascertain proper alignment of fiber parallel to Since the average fiber size is about the same
the tensile specimen axis. Tensile tests were as the diameter of the fiber, the interface has
conducted on a servohydraulic machine in successfully transferred the load to the fiber.
laboratory air at ambient temperature using anominal strain rate of 2 x 10-4 s" for Ti-6AI- Figure 4-c shows a SCS-6 fiber embedded in

Ti-14AI-2lNb matrix after loading. Since the
4V/SCS-6 and 1 x 10- 4 s-I for Ti-14AI- average fiber size is more than three times the
21Nb/SCS-6 specimens. Subsequent to diameter of the fiber, the interface has not
ultrasonic imaging, metallographic efficiently transferred the load to the fiber. In
examination of the fiber fragments was both the 'after-test' images, in addition to the
conducted by using optical microscopy and main breaks, we can also observe smaller
SEM [81. pieces due to secondary breaks. The presence

of such secondary pieces have been
Tensile tested specimens for fragmentation corroborated by metallography [8, 121.
were ultrasonically imaged using a 25 MHz
focused transducer (0.25" dia, 0.5" focus) in
the pulse-echo mode. The ultrasonic wave , _ _ _ __....... ..... _-. . .. _..-- _

front was incident on the composite at an ....... ... . .
angle of 240 (which is between the first and
the second critical angles). As a result,
vertically polarized shear waves were incident b
on the interface between the fiber and the
matrix. Back-reflected ultrasound was gated C
for imaging. Since the wave front was
incident at an angle, the received signal was Figure 4 (a) Ultrasonic Image of an
either low amplitude due to back-scattering untested single fiber sample. (b) Fiber
from the material texture or a very strong Fragmentation Image in Ti-6AI-4V
amplitude due to the back-reflection from the sample with SCS-6 Fiber. (c) Fiber
cylindrical fiber (when the wave front was Fragmentation Image in Ti-14AI-
perpendicular to the fiber circumference). As 21 Nb (or Ti-24AI- II Nb by atomic %,)
a result, the dynamic range of the image of sample with SCS-6 Fiber.
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and homogeneous fiber (which is justified at
3.3.2 Ultrasonic Shear Wave Back the wavelength of interest - frequency <
Reflectivity Technique (SBR) 50MHz). Further, since the ultrasonic beam is
An ultrasonic back-reflectivity technique has assumed to be incident on the composite such
been developed [9, 101 to complement other that the refracted wave is always normal to
existing techniques for the characterization of the fiber circumference (back-reflection
the interfacial behavior in fiber reinforced int,-'ogation technique), without the loss, of
model composites. These techniques may be: the generality, the cylindrical fiber can be
(1) destructive: fiber "pull-out" and "push- replaced with an infinitely extended
out" tests [131; the "fiber fragmentation" homogeneous isotropic layer of thickness
technique implemented by subjecting the equal to the diameter of the fiber. Although it
model composite to axial loading to induce is relatively easy to model the fiber as a
the fragmentation of the fiber and by cylinder and use the Bessel function response
measuring the size of the fragments which of the cylinder, the present formulation of a
would be linked to the "interfacial load plate will not deviate substantially from the
transfer behavior" [3, 8, 121; (2) reflected amplitude at the center of the main
nondestructive: ultrasonic imaging of the lobe of the Bessel function (the center of the
fiber fragmentation, in conjunction with main lobe of the Bessel function is the only
advanced signal processing techniques[14]. point of interest for this study because the

ultrasonic beam is normally incident to the
The ultrasonic characterization of the circumference of the cylindrical fiber).
interface is achieved by the analysis of the Effects of attenuation and diffraction can also
back-reflected signal from the fiber-matrix be considered in the model if the matrix and
interface [9, 101. The advantages of the the fiber thicknesses are significant. However,
ultrasonic back-reflectivity technique are since the matrix is relatively thin
several: (i) the method is completely (approximately five times the wavelength) for
nondestructive and facilitates the use of the this application, the effect of attenuation and
same sample for the tests (fatigue and creep) diffraction are omitted here.
other than the interface analysis, (ii) the
technique can provide the distribution and The interface between the matrix and the fiber
variation of the interfacial properties along is modeled by: (i) assuming continuity of
the length of the fiber thereby facilitating normal and shear stresses and normal
better process control, and (iii) the interface displacements at the interface, and (ii) by
can be monitored for degradation and changes allowing the discontinuity of shear
during fatigue tests for life prediction. displacements at the interface. It is assumed

that the vibration is transmitted
The goal of this study was to develop a instantaneously from one medium to the other
theoretical model which will aid in the by weightless springs with an equivalent
determination of various experimental rigidity of Nn [GPa/pml.
parameters such as the frequency of
ultrasound and angle of incidence while The interfacial stiffness coefficient, Nn, of the
providing the vital relationship necessary to matrix-fiber boundaries (upper and lower) can
interpret the future experimental results. The bergener diff er a nd the
theoretical model considers the reflection of be generally different around the
an ultrasonic wave front from a single fiber conditions or due to the use of different
embedded in a homogeneous isotropic matrix, material for each matrix plate. Thus, consider

Model two different coefficients Nn and Nn , one for
Figure 3 shows the geometry of the problem: each interface. Accordingly, the interface

a plane wave exp[i (cot + Klzi)J is obliquely conditions are:

incident at an angle 0 on a model (OP) (C(T) uP] =0
monofilament composite immersed in a fluid (2)
and in a plane normal to the axis of the fiber.

T
For the development of the theoretical model, CT = Nn luTi or C = &n 1u11I
the composite is simulated by an infinitely where the superscripts P and T denote the
extended plate consisting of an isotropic normal and tangential displacements/stresses
matrix with an embedded cylindrical isotropic respectively; the square brackets denote the
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jump of a function across the interface, and numerical aperture (NA - ratio of the diameter
the curly brackets denote the vectorial of the lens to the focal distance) is 1.25 for
resultant of stresses at the interface. The the transducer used for this study. An NA of
linearity of equation (2) is based on the more than 1 or F number (focal
assumption of small amplitudes of vibrations distance/diameter of the lens) less than 1 is
which is justified for ultrasonic applications essential for the SAM technique to effectively
wherein the amplitudes of displacements are generate and receive surface waves in the
around a few Angstroms. sample being imaged.

The back-reflection coefficients for the shear
interrogation is dependent on:

- the properties of the matrix (density,

P2, longitudinal, c2L, and shear, c2s, Active peo.,,ectrci Element

velocities)
- the properties of the fiber (density,
P3, longitudinal, c3L, and shear, c3s, ransduo, an Lens

velocities)
- the diameter of the fiber (d') A,

- the angle of incidence (0)
- the frequency (f) of interrogation, and
- the interfacial stiffness coefficients Wets Leaky
(Nn, Nn)

The stiffness coefficient is dependent on the L•ngitudinal We

wave type because of the different sI,,e., Woe.

mechanism of stress transfer for
compressional or shear displacement waves
as discussed in earlier publications [9, 10]. s.,d V,,t,, Feast Point

Further details of this modeling and the
results can be obtained from these papers.

Figure 5 Schematic of a Scanning
3.3.3 Scanning Acoustic Microscopy Acoustic Microscope Transducer
Scanning Acoustic Microscope was
developed by Quate et al., [15] to image The principle of operation of a SAM
integrated circuits. The most important transducer is based on the production and
contrast phenomenon in a SAM is the propagation of surface acoustic waves (SAW)
presence of Rayleigh waves which are as a direct result of a combination of the high
leaking toward the transducer and are very curvature of the focusing lens of the
sensitive to local mechanical properties of the transducer and the defocus of the transducer
materials being evaluated. The generation and into the sample 15, 161. The sensitivity of the
propagation of the leaky Rayleigh waves are SAW signals to the surface and the
modulated by the material properties, thereby subsurface features depend on the degree of
making it feasible to image even very subtle defocus and has been well documented in the
changes of the mechanical properties. literature as the V(z) curves [171. The defocus

distance also has another important effect on
A SAM transducer is schematically shown in the SAW signal obtained by the SAM
Figure 5. The transducer has a piezoelectric transducer: the degree of defocus dictates
active element situated behind a delay line whether the SAW signal is well separated
made of silica crystal oriented such that the I - from the specular reflection or interferes with
1-1 axis is parallel to the direction of sound it. Thus, depending on the defocus, the SAM
propagation. The thickness of the active technique can be used either to map the
element is suitable to excite ultrasonic signals interference phenomenon in the first layer of
with a nominal frequency of 50 MHz when an subsurface fibers or to map the surface and
electrical spike voltage is delivered to the subsurface features (reflectors) in the sample.
piezoelectric element. The silica delay has a
spherical acoustical concave lens (Fig. 5) The SAM was used in conjunction with
which is ground to an optical finish. The several on-going material behavior
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investigations (11, 18-201 to evaluate the substantiate the indications made by the
extent of damage accumulated during the SAM, the outer layer of matrix material was
respective test procedures. Specimens were etched away using a saturated solution of
removed during or after testing and evaluated tartaric acid in 10% bromine in methanol.
using the SAM. Thus, composite materials Metallography showed excellent correlation
composed of a range of different matrix with the SAM images [Il]. Further details
materials could be evaluated. All the samples can be obtained from the literature [ 111.
are titanium matrix composites reinforced
with a silicon-carbide based fiber,
commercially designated SCS-6, that has a q
double pass carbon rich coating. The matrix - -, . . .,
material was a Beta processed titanium alloy, ,
Ti-l5Mo-3Nb-3AI-0.2Si (weight percent).
The composites were manufactured using the
foil-fiber-foil process. -.

SAM Results = .
One benefit of the SAM is that it provides a -.
nondestructive indication of the extent of
interfacial damage. To demonstrate its utility, Figure 5 a. SAM Image of the Untested
a notch (hole) fatigue experiment was Sample
periodically interrupted and the specimen
scanned using the SAM to evaluate the
development of damage during the life of the
specimen. After each SAM evaluation, the ... .....- c - .... .. C

specimen was returned for further fatigue
cycling. The fatigue cycling was terminated
after the third interruption at 9.66 X 105 -

cycles. For this test, the composite consisted
of t a cross-ply lay-up of fibers in the [0/901s
configuration. Prior to testing, a SAM image
was made of the specimen to establish the
initial integrity of the material. The pre-
testing image is shown in Fig. 6a and shows
no damage to the interfaces prior to testing. Figure 5 b. SAM Image of the Sample after
After the initial scan, the specimen was the first interruption.
isothermally fatigued at 650'C with a
maximum remote stress of 200 MPa applied
at 1 Hz along the fibers with reference to the
image in Fig. 6a. The fatigue test was
stopped after 1.54 X 10H cycles or -

approximately 43 hours at temperature. The
specimen was removed from testing and -_ _=

imaged using the SAM. The resulting image .
is shown in Fig 6b. In this figure, the damage 09'.L..__',
(as indicated by the high contrast regions) .

originates at the top and bottom of the hole "7;
and proceeds away from the hole along the Low

fibers. The shorter crack on one side of the
hole is only beginning to develop an affected Figure 5 c. SAM Image of the Sample after
zone and is barely visible in the ultrasonic the third and final interruption.
image although the crack extends about three
fiber diameters at the surface. Figure 6c is 4. GLOBAL NONDESTRUCTIVE
the SAM image after an additional 9.66 X EVALUATION OF TMCs
104 cycles were applied for a total of 2.51 X A modified through-transmission reflection
I 05 cycles and total time of 70 hours at plate inspection technique can be effectively
temperatre. Ind total figure, the 7ch s on used to evaluate the TMCs. In this technique,temperature. In this figure, the cracks on one ultrasonic transducer is used to send
each side of the hole can be clearly seen. To ultrasound into and through the specimen.



13-9

The ultrasound transmitted through the of the cycle. During the second 90 seconds
specimen reflects off a glass reflector plate the temperature was ramped to the maximum
and travels back through the TMC specimen. temperature of 650 *C. Ramping the
Ultrasonic energy reflected back through the temperature set points during the second 90
specimen is received by the transducer and seconds resulted in the "isothermal" portion
detected by the ultrasonic instrument. The of the cycle where the actual specimen
reflector plate technique is very sensitive to temperature was maintained between 640 and
any change in material acoustic impedance 650 "C and assisted in maintaining a proper
which is a function of the Young's modulus, phase relationship with the load profile.
density, and Poisson's ratio. Hence the
technique provides a map of variations in Reflector plate scans of all of the specimens
material integrity. Consequently, areas of were obtained before the fatigue tests Low
reduced transmission should have some ultrasonic transmission could result from
correlation with damage in the composite. voids, delaminations, or fractured fiber
Also, since the amplitude data that is recorded groups sufficient to scatter ultrasound. With
comes from ultrasound that has passed the motivation to quantify the NDE results, a
through the material twice, the technique is simple "damage assessment" parameter was
very sensitive to changes in acoustic constructed to quantify the ultrasonic data
impedance. using the principle that the amount of

ultrasonic attenuation is related to the degree
A technique capability assessment was of disorder within the specimen.
conducted in the Materials Directorate [21] to Additionally, in the direction perpendicular to
evaluate the correlation between NDE data the axis of mechanical loading, it
and specific tensile and fatigue properties in a
titanium matrix composite. The ultimate goal stee i
was to use the NDE techniques to Tn.,,,atur,

quantitatively assess the integrity of MMCs. O60C Max
The titanium matrix composite used for the _
study consisted of silicon carbide (SCS-6) /
fibers in a Ti-15Mo-2.6Nb-3AI-0.2Si matrix !01
(designated Timetal 21S). The fiber diameter I W/

is nominally 0.142 mm. All specimens were I

fabricated using the foil-fiber-foil technique A

and hot isostatic processing. None of the ,5o-
specimens had any type of coating. 4W /
A horizontal fatigue test frame incorporating 3o
a pneumatic ram was used for applying cyclic 2W
loads to the test specimens. A 20 kN load cell 260 /
was used and loads were controlled to within 2.

0.1 kN (typically 1 MPa for these specimens). ,60 t ---150 C 'n
Specimens were positioned horizontally in 0 --

precisely aligned, hydraulically actuated, 90 380 270 MI
rigid grips [22]. Gripping pressure was 60 Trime(s)
MPa. The applied load cycle was controlled
by a PC using control software developed by Figure 6 Load and temperature profiles
the University of Dayton [23]. Strain data during the thermomechanical fatigue tests.
was acquired using high temperature
extensometers with 110 mm long quartz rods. seems reasonable to assume that there is an
Typical displacement resolutions were 0.0004 inverse relationship between the extent of the
mm. disorder and the strength and/or fatigue life of

the composite. Finally, since the cyclic stress
A TMF test was developed that combined on the fibers is highest in the region of
both in-phase and out-of-phase TMF tests highest temperature, where oxidation and
into one compound cycle [211. The cycle is cracking of the matrix are more likely to
shown in Figure 6. The total cycle time was occur, the abnormalities within the heated
360 seconds for the specimens tested. In portion of the specimen should dominate
actual testing the temperature was ramped failure. Thus only the NDE indications from
from 150 "C to 638 'C in the first 90 seconds the heated region, ±15 mm from the center,
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Table 1 Data Showing the Dependence of Percent Life as a Function of Damage Parameter

Specimen Ply Test Ultrasonic UT-detected Damage % UITS or %
# Config. Type Attenuation defect length Parameter Life

() dB 1/width)
91-379 [0/9 0 12S Tension 8.5/7 0.1 /0.9 7.2 73%
91-366 [0/9012S Tension 6/12/18 0.3 / 0.2 / 0.5 13.2 40%
91-361 [0/(012S Tension 8.5/14 0.25 /0.65 11.1 39%
91-367 [0/9012S Tension 20 1 20 13%

91-380 10/9012S TMF 18/12 0.2/0.2 6 80%
91-368 10/9012S TMF 18/12 0.17/0.17 5.1 32%
91-358 10/9012S TMF 8.5 0.55 4.6 26%
91-360 10 / 9012S TMF 9.5/13.6 0.5/0.5 11.6 16/

92-098 [0/90IS TMF 0 0 0 100(7
92-099 [0/9 0 1S TMF 2.5 0.25 0.6 91%
92-100 [0 /9 0 1S TMF 3.3 1 3.3 89%
92-126 [0/90]s TMF 7 1 7 45%
92-127 10/901S TMF 7/6 0.35 /0.65 6.4 500,,

were analyzed. A simple damage parameter elevated temperatures and load. Global
was developed [21]: ultrasonic nondestructive evaluation is

essential to either reject samples with poor
DL initial properties or to determine their

DP=UTA- W (1) remaining life due to the extent of
manufacturing defects.

where DP = Damage parameter, UTA =
Ultrasonic attenuation, DL = Defect length, 6. REFERENCESand W = Specimen width. Applying this 1. T. E. Matikas, and P. Karpur, Ultrasonic
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Metal Matrix Composites - Analysis of Simple Specimens and Model
Components under Creep and Fatigue Loading

G.F. Harrison
B. Morgan

P.H. Tranter
M.R. Winstone

Defence Research Agency, Pyestock, Farnborough,
Hampshire, GU14 OLS, UK

1 SUMMARY solution to this is to enlarge the cob
region thus increasing overall disc

The paper presents the results of a weight. Design studies based on the use
limited test programme to establish the of MMC materials show that when a whole
mechanical behaviour of titanium Metal engine stage is replaced in MMC, weight
Matrix Composite (MMC) laboratory reductions well in excess of 50% may be
specimens under tensile, Low Cycle possible. Published design studies by
Fatigue (LCF) and creep loading Pratt & Whitney' indicate that rotor
conditions at 600 0 C. Using a speeds in such components can be
micromechanical model, finite element increased by up to 10%, gas path
stress analyses have been undertaken to temperatures by up to 130 K and rotor
evaluate local stresses under the weight reduced by up to 60% relative to
various loading conditions. Good current designs. In these designs, the
agreement was obtained only after the large cross sections of conventional
inclusion of procedures to calculate the disc designs with their thick rims, long
residual stresses induced in cooling diaphragms and bulky cob regions are
from the composite consolidation replaced by simple ring cross sections
temperature to the test temperature. which incorporate circumferentially

orientated silicon carbide fibres for
Additionally, as part of a collaborative reinforcement.
component evaluation study, model discs
manufactured by Rolls-Royce plc have In addition to their potential in disc
been subjected to spin testing. These applications, the higher specific moduli
LCF results have been correlated via a of composite materials offer advantages
macromechanical model which accounts for for other lightweight component designs.
the orthotropic behaviour of the MMC The increased stiffness of reinforced
reinforced region of the disc. titanium alloys is arousing interest in

future large fan/aerofoil designs. The
2 INTRODUCTION lower coefficient of expansion

introduced by the fibres should also
Advanced aeroengine gas turbine designs enable the improved maintenance of blade
require lighter and stronger materials tip clearances and hence should lead to
capable of operating at temperatures improved in-service efficiencies. Other
above those experienced in current possible uses include main engine and
engines and beyond the capabilities of auxiliary power take-off shafts. These
existing titanium and nickel options offer significant benefits for
superalloys. MMC's offer the design overall improved performance.
engineer the potential of stiffer, Nevertheless before they can be
lighter materials capable of operating successfully introduced, considerable
above the temperature limits of existing work still has to be done to ensure
materials and hence provide the quality assurance, component integrity
opportunity for radical innovative and to develop effective lifing
designs. Of all the identified methodologies.
aeroengine applications for MMC's, the
components showing the greatest 3 METAL MATRIX COMPOSITE MATERIALS
potential benefit are the compressor and
turbine discs. In such components, MMC's may be manufactured by the fibre-
material added outside the disc free foil route in which layered sequences of
hoop radius, although it may reduce titanium alloy foil and silicon carbide
local stresses in the rim or the blade, fibres are consolidated via hot
is not self supporting. Consequently isostatic pressiny. In this procedure
inertia forces rise and the overall significant debulking can occur and
loadings increase. The conventional hence there is considerable scope for

Presented at an A(;ARD Meeting on 'haracterisation of Fibre Reinforced Titanium Matrix Composite:eSeptember /?3.
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fibre movement. Various proprietary this is then deposited a 1.0 pm carbon
methods are used to minimise the effects coating followed by a 1.0j-m
but DRA has developed a highly hyperstoichiometric titanium boride
successful Physical Vapour Deposition (TiBý x>2) coating, thus producing a
(PVD) technique in which the matrix final diameter of 100-101 pm. In this
alloy is deposited directly onto the double coated form, the role of the
fibre2 . The coated fibre can be more carbon layer is to isolate the fibre and
easily handled and compacted with hence to minimise the formation of
potentially less fibre damage, improved brittle high temperature reaction
fibre distribution and higher fibre products. In addition this coating is
volume fractions. Although composite considered to alleviate the effects of
materials offer the direct weight rough fibre surfaces and to reduce the
savings discussed above, due to their overall scatter in fibre strength. The
different mechanical behaviour, these outer layer is intended to inhibit
new materials cannot be used as direct reactions between the matrix and the
substitutes in current metallic designs. carbon. The model disc components were
Additionally, such future designs will manufactured by Rolls-Royce plc from
require to be extensively evaluated Textron SiC SCS-6 fibre reinforced Ti 6-
because of the failure critical nature 4 monolayers.
of the components involved, ie discs and
blades. In this connection it has been 4 SPECIMEN TEST PROGRAMME
necessary to develop both
micromechanical modelling techniques Although the primary target for
which are being used to assess composite introducing metal matrix composites is
behaviour at the individual fibre matrix directed at significantly lighter,
interface level and macromechanical higher temperature capability rotating
techniques to translate the local fibre components, it is essential to ensure
level response into bulk or global that adequate ambient temperature
composite response within the properties are maintained.
surrounding material.

The experimental programme included
DRA has been in the field of advanced longitudinal and transverse loaded
materials development and in particular tensile testing at temperatures up to
PVD exploitation and MMC materials for 600 0 C and repeated tension LCF and
some considerable time, but has only static creep testing at 600 0 C. The
recently become involved in the laboratory testing was conducted using
mechanical assessment of these materials a closed loop servohydraulic te.;t
for engine component usage rather than machine with specially adapted water
as novel research alloys. To this end cooled hydraulic grips. Blanks were cut
it is involved in collaborative testing from unidirectional panels using electro
and evaluation of MMC laboratory discharge machining. Test pieces were
sppcimens and model components and ground to a final size of 150 mm x 12 mm
sponsors research activities both within and degreased prior to the attachment of
industry and UK Universities. The aluminium or glass fibre tabs. The
presentation will address the initial gauge length was set at 20 mm
interpretation of the results of current and extension was measured using a
testing and modelling activities at DRA capacitance extensometer. Heating was
and will briefly refer to some results achieved using a specially designed
from earlier sponsored work. three zone platinum wound furnace

capable of temperatures in excess of
The material used in the laboratory 600'C with a gradient along the gauge
testing programme is SiC fibre length of not more than 21C. A
(SM1240)/Ti matrix (Ti 6-4) composite continuous data logging system was used
supplied by BP Metal Composites. A to monitor strain and load and an x-y
typical specimen cross section is shown recorder allowed stress-strain
in Fig 1. The measured fibre volume hysteresis loops to be plotted during
fraction was found to be nominally 34%. the test.
The material was supplied mostly as 6-
ply unidirectional composite panels of The LCF tests used a triangular wave
nominal thickness 1.0 mm produced by loading sequence tc a constant maximum
vacuum hot pressing a lay-up of foil and load and were conducted at 600 0 C and a
fibre mats. The titanium foils were frequency of 0.1 Hz.
100 jum thick and the fibres were
produced by the Chemical Vapour 4.1 Tensile Behaviour
Deposition (CVD) of SiC onto a 15 pm
diameter tungsten filament to produce a The results of the tensile tests are
final diameter of approx 96om. Onto summarised in Table I. Typical stress-
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strain responses for the longitudinal coefficient did not have a significant
specimens are shown in Fig 2 and influence on the results and a value of
transverse specimen results in Fig 3'. 0.1 was selected in subsequent analyses.

Special gap elements were used to
4.2 Static Creep and High Temperature represent the interface and to prevent
Low Cycle Fatigue Behaviour surface interpenetration.

Currently only the longitudinal testing At the outset it was recognised that in
at 6001C has been completed. Typical cooling down from the fabrication
total strain-time responses are shown in temperature, the large differences in
Fig 4 and the lives to failure are coefficients of thermal expansion
presented as conventional creep rupture between the fibre and the matrix will
plots in Fig 5. For ease of comparison lead to thermal strains and stresses and
the times-to-failure of the high that on cooling, significant residual
temperature LCF tests (at 0.1 Hz) are stresses can be present in the
presented on the same figure. It can be composite. Hence, in order to model the
seen immediately that even at 600*C and tensile tests, it was necessary to
with a Ti 6-4 matrix which has an calculate the level of the induced
extremely poor creep resistance, the thermal stresses using a thermal loading
material is much more sensitive to option and temperature dependent tensile
cyclic rather than static loading, and thermal expansion data. Residual

stress levels are highly temperature
5 FINITE ELEMENT MODELLING dependent and at 201C the maximum axial

stress in the matrix is calculated to be
Even the simplest unidirectional long about 380 MPa with a corresponding
fibre metal matrix composite components, compressive residual fibre stress of
show complex non-isotropic response to about 840 MPa. In the analysis of the
applied load. Unfortunately, it has creep and high temperature LCF tests, a
been found to be computationally user defined creep option was employed.
impractical to model individually the For the mat~ix material, a standard
thousands of fibres present in 3- Norton type creep law was employed with
dimensional composite structures. To material specific values for the
overcome this problem, combinations of equation constants taken from Nimmer'.
micromechanical and macromechanical In addition, for the transient leading
modelling have been developed. The cases, a strain nardening equation of
reinforced metal matrix composite region state was applied. In all the analyses
is treated as a single composite block the silicon carbide fibres were assumed
whose behaviour is determined by the to behave elastically throughout the
material models developed to loading sequences.
'haracterise the response of individual
fibres and small groups of fibres in 6.0 ANALYSIS OF RESULTS
their matrix material.

6.1 Longitudinal Tension
The unit cell used in the
micromechanical modelling used In Fig 6, the predicted longitudinal
dimensions compatible with the material behaviour is compared with the
shown in Fig 1. In the current stress experimental stress-strain curve of
analysis the coating/fibre interface has Fig 2. It can be seen that agreement is
not been modelled separately and for the satisfactory. As shown in Table I, over
longitudinal tests the coating/matrix the temperature range 200 to 600 0 C the
interface is tssumed to be a perfect simplest analysis, na:nely the rule of
bond. The MARC non-linear finite mixtures, accurately models the
element code was used for the stress temperature dependent composite moduli.
analysis and generalised plane strain At 20°C, yielding initiates at very low
elements were usei. Appropriate strains due to the high matrix tensile
boundary conditions were applied to the residual stresses followed by the almost
model edges to simulate a regular linear response of the MMC as
distribution of fibres and matrix, progressively more of the load is

carried by the fibres. In the DRA
In modelling the transverse tests, the analysis which includes the residual
fibre matrix interface is taken to be stress distribution associated with the
extremely weak and matrix flow around original cooling down from the
the fibres and the associated shear consolidation temperature, the results
forces are a sumed to be controlled by suggest that the matrix material does
the friction coefficient of the indeed yield close to the identified
surfaces. It has been established that knee. In complementary work supported
the value selected for the friction by DRA', a series of test.. were
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performed in which the specimen was for time zero (t = 0 and for time just
lcuded to strain levels of 0.2%, 0.4%, prior to failure (t t,). In Table II
0.6% and 0.9% and unloaded before the fibre stresses -- initial loading
proceeding to the higher strain levels, and at creep ru,'ture are identified for
The measured elastic modulus was found the 4 creep tests at 600'C.
to decrease progressively although tne
measured values were found to be 6.4 High Temperature Low Cycle Fatigue
approximately 10% lower ti'aii %he
predicted modulii. This is now Table III -rovides initial and final
attributed to the effects of fibre stresses f~r the four fatigue loaded
breakage such that as the load carrying tests. Comparison with table and
capability of the fibres is compromised examination o' Fig 5 show that despite
this is reflected in the observed the poor creep resistance of the Ti 6-4
reduced stiffness. At 600'C although matrix material, even at 600'C the MMC
the residual stress levels are very low, is si nificantly poorer under LCF
the response is similar to that observed loading at 0.1 nz than under the static
at lower temperature since t,e matrix loading associated with creep. The MMC
yield stress at this temperature is also response to fatigue loading is
significantly lower than at 20'C. considerably more complex than to creep

loading and Fig 10 i•hows typical stress-
6.2 Transverse Tension strain responses in a) the fibre and b)

the matrix during selected triangular
The predicted stress-strain curves under loading cycles predicted as the test
transverse tension and the corresponding progresses. The predictions were
test data are shown in Fig 7. In the achieved using the micromechanical model
complementary work referred to earlier', and assuming the matrix creep model and
unloading and reloading tests similar to strain hardening hypothesis.
those described by Johnson6 and by
Nimmer' were conducted in order to Table III also shows that immediately
investigate coating/fibre interface prior to failure the nominal stress
debonding. On first loading, the knee levels in the remaining liga•-.nts have
in the stress-strain loading curve is increased due to cracks propagating from
attributed to the applied stress the specimen edce. Full transient
necessary to overcome the interfacial analyses of the stress redistributions,
bond strength. On subsequent loadings in which it : ecessary to take account
the knee •ccurs at lower applied stress of concentration effects at the tip of
levels and the difference in these the cracks, have not yet been completed.
values is attributed to the magnitude of However, simple calculations based on
the interfacial bond strength. Taking the final applied stresses yields fibres
into account the maximum interfacial stresses close to their tensi'e limit.
radial stress concentration factor of
1.4, this gives an interfacial strength 7 METALLOGRAPHY OF FAILURE PROCESSES
of approximately 50 MPa. This is in UNDER CREEP AND LCF LOADING
reasonable agreement with the roon.
temperature value of 67 MPa obtained for The micrograph in Fig lla shows P
Ti 6-4/SiC by the micro hardness push typical creep failure region in a creep
out test'. test at a stress of 750 MPa and a test

temperature of 600'C. Fig llu is a
6.3 Static Creep longitudinal section through the

fracture surface. It can be seen that
The 6001C longitudinal static creep fibre cracking is extensive and oc-urs
tests have been analysed using a Norton at relatively regular intervals along
exponential creep law with values for the fibres. In some places it appears
the material specific constants taken that significant interface debonding
from work of Nimmer4 . Currently tests leads to large local fibre movement and
are being completed to enable analysis in such cases this is sufficient to
using the standard DRA Graham and Walles alleviate the requirements fur the
techniques'. The application of this regular cracking observed elsewhere.
titanium creep equation in a 7reep Away from the fracture surfaces, as
micromechanical analysis aliows the rate shown in Fig llc, only the regular fine
of stress redistribution within the cracking is observed.
composite to be identified. Fig 8 shows
predictions of typical peak maximum Von With regard to ýCF loading, Fig 12a
Mises stress distributions in both the shows a typical failure (700 MPa at
matrix and Lhe fibre during the test. 600-C). It can be seen that there is
Fo*r the same loading conditions, in significantly less fibre pull-out than
Fig 9, stress distributions are shown for creep loading. This is clearly
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shown in Fig 12b which is a section conducted at 3 cycles per minute and the
through the crack initiation region. tests were continued until complete
This micrograph also illustrates that failure of the disc. Based on average
with crack initiation under fatigue room temFerature tensile failure data on
loading, fibre cracking is limited to SCS-6/Ti 6-4, the disc showed a 7%
the crack plane but just prior to final higher than predicted burst speed.
failure more widespread multiple Under such loading conditions, radial
cracking of the fibres occurs. Again, and axial stresses are low and failure
in contrast to the creep situation, as is dominated by circumferential hoop
illustrated in Fig 12c, away from the stresses.
immediate vicinity of the cracking
plane, fibre cracking does not occur. In Fig 14, the disc spinning LCF results
Thus, it is now suggested that when the are indicated in conjunction with room
matrix experiences only limited temperature longitudinally loaded metal
plasticity, fibre breakage will be matrix composite minimum property data
slight and additionally the shear supplied by Rolls-Royce plc. It can be
stresses around the ends of the broken seen that the disc results are typical
fibres will be able to reloau the fibres of average laboratory data indicating
to their full stress levels in very that the disc manufacturing route has
short lengths. However with greater had no detrimental effect on the
matrix yielding (or nonlinear material.
deformation), the shear stresses around
the fibre breaks are more dispersed and 8.2 Stress Analysis
hence a longer end length is required to
reload the fibres. Fig 12d confirms Since it is not practical to model every
that even at 600*C, cracks within the fibre individually a global analysis
matrix show typical fatigue growth. model has been developed. In this

approach the component model treats the
These findings are consistent with the metal matrix composite area as a
results of the stress redistribution homogeneous orthotropic material with
analyses and suggest that final metal circumferential and radial/axial
matrix composite failure at elevated materials data supplied from the
temperature is associated with fibre specimen elasto-plastic micromechanical
overload and that environmental model used to characterise the composite
degradation makes only secondary response to both longitudinal and
contributions to the failure event transverse loading. Currently analysis
although it may be important in the of the reinforced region is limited to
development of crack initiation and the elastic case with an elasto-plastic
early growth. capability used for the remainder of the

disc. The repetitive symmetry of the
8 MODEL DISC disc design required only a 1/24th

segment to be modelled. Standard "cake-
Fig 13 is a photograph of the Rolls- slice" boundary conditions were applied
Royce plc metal matrix composite model (hoop displacements constrained to
disc which was tested in the DRA disc radial planes of the slice faces).
spinning facility. The "top-hat" areas
above the lobes being simply for To aid in the assessment of this
attachment to the spin rig and the lobes reinforced disc, a theoretical overspeed
being dimensioned to provide appropriate analysis was performed on an equivalent
loadings. The inner ring between the monolithic Ti 6-4 disc which predicted
lobes and the bore surface contains the an initial yield speed of 17,760 rpm.
reinforcement and was manufactured with In the reinforced disc, the orthotropic
the fibres lying in the hoop direction. macromechanical analysis predicts
The ring was consolidated and diffusion yielding at a similar location is
bonded to the Ti 6-4 material used in delayed until a speed of over 22750 rpm
the remainder of the disc. although a full elasto-plastic analysis

would predict a lower value for MMC
8.1 Test Results matrix yielding.

An overspeed disc burst test was Although the matetial has been
undertaken to assess the strength of the identified primarily for elevated
material in a representative component temperature applications, the analyses
form and to confirm that basic also indicate that even at room
laboratory specimen tensile properties temperature there is a significant
can be maintained. The burst speed of advantage of the composite over base
26,700 rpm was achieved after about 30 matrix material behaviour. Fig 14 also
seconds. The cyclic tests were includes some room temperature LCF
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specimen results for Ti 6-4 for materials could provide the opportunity
comparison. Indeed, at the same for truly damage tolerant designs.
rotational speed, the lower density
metal matrix composite disc is ACKNOWLEDGEMENTS
calculated to have about a 10% lower
'average' stress level or alternatively, The authors gratefully acknowledge the
for the same 'average' stress level an supply of the MMC discs by Rolls-Royce
MMC disc can be run about 7% faster. plc as part of a collaborative programme

and useful discussions with M Hartley
9 IMPLICATIONS FOR FUTURE COMPONENT and P Doorbar of Rolls-Royce plc.
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Fibre Temperature OC Modulus Tensile Failure
Orientation Strength Strain %

Measured Rule of MPa
Mixtures

00 20 200 210 1612 0.98

300 196 - 1348 0.82

600 191 188 1093 0.74

900 20 165 210 499 1.0

600 108 188 156 >2.5

Table I Summary of longitudinal and transverse tensile data for the Metal
Matrix Composite SiC/Ti 6-4

Nominal Applied Stress Predicted Fibre Stress Predicted Fibre Stress
MPa at t=0 at t=t,

MPa MPa

750 1643 2264

800 1758 2400

830 1841 2412

870 1940 2395

Table II Maximum initial and final fibre stresses under creep loading at 600 0 C

Peak Applied Reduction in Nominal Initial Fibre Calculated
Stress Area at End Reduced Area Stress Final Fibre

MPa of Test Stress from FEA Stress
% MPa MPa MPa

645 12 722 1380 1800

700 8 753 1513 1897

790 5 831 1738 2127

885 5 931 1978 2413

Table III Initial and final fibre stresses under Low Cycle Fatigue loading at
600 0 C
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Fig 13 View of model disc manufactured by Rolls-Royce plc
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Fig 14 20*C LCF data for MMC specimens with minimum disc data and some
typical Ti 6-4 data superimposed
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SUMMARY 2 TEST PLAN AND PROCEDURES
4

To date, the fatigue crack growth behavior of metal matrix The room temperature test plan is given in TABLE 1.0. As
composites (MMC) has been generally limited to data obtained may be seen, the matrix is fairly small owing to the cost and
from relatively small coupons (approx. 150mm x 25mm). availability issues noted above. Static and crack growth
Although self similar crack growth has been observed in some testing was conducted on MTS servo-hydraulic testing
cases, many observers have noted various complex crack machines using state-of-the-art, low noise analog controllers.
growth phenomena. Behaviors such as fiber bridging and The first tests were conducted on small (150 x 19 mm)
extensive crack branching have been reported in several papers coupons to determine ultimate strength of the [0/901s and 4
(Ref 1-4). The purpose of this paper is to present the results of [0/±45/90]s laminates. The results are shown in TABLE 2.0.
several static and crack growth tests on larger titanium based A vacuum aging procedure was planned for the larger test
MMC center cracked coupons (406mm x 63.5mm). The use of specimens and crack growth tests were performed on small
larger specimens has allowed for more observations during edge cracked specimens (approx. 150 x 25 mm) to determine
stable crack growth and is much more representative of actual the effect of the aging process. The specimens were sent to
applications. Refrac Systems, Phoenix, AZ for aging. The aging process

was: 621 degrees C for 8 hours at less than 1.OE-04 Torr. The

LIST OF SYMBOLS test showed at least a factor of four (4) improvement in crack
growth life on the edge crack specimens. An image of one of

oY stress the edge cracked specimens is given in FIGURE 1.0.

of fiber stress
ultmt stress Crack growth testing for the larger specimens (406 x 63.5

ul timate stramm) was performed at a cyclic frequency of four (4) lIz, A 4
da/dN crack growth rate typical specimen is shown in FIGURE 2.0. Electric potential
AK stress intensity range drop monitoring techniques were used to provide a means of

R min to max stress ratio crack length monitoring, however, visual measurements were
CcT center cracked tension taken at approximately 0.5 mm intervals as monitored. The

electric potential drop method was used only to place a lest on

1 INTRODUCTION hold for a visual measurement. The method proved to be
unreliable compared to visual methods and was never used to
record crack lengths. Visual measurements were made using

To date, nearly all material characterization testing for titanium a microscope and graduated mylar tape above the crack plane.
matrix composites (TMCs) has been conducted using relatively The tape was graduated to 0.127 mm. The crack length vs.
small specimens (approx. 150 x 25 mm). This is primarily due cycle data were curve fit to obtain smoothed data at
to cost and availability issues. As part of an effort to characterize approximately 0.05 mm crack length intervals. These
the damage tolerance of MMCs, the United States Air Force smootiied data points were then used to determine the da/dN
Flight Dynamics Directorate is conducting a program using vs. AK data. In all cases, the secant method was used to
larger test specimens. The goal of the effort is to obtain determine da/dN. The corresponding AK values were
damage tolerance data for Beta 21s/SCS-6 MMC and develop a calculated using the classic center cracked plate solution with
realistic life prediction model for room and elevated temperature the secant finite edge correction at the midpoint of two
use. The project is well underway and room temperature data adjacent data points. An example of the smoothing technique
are available for both [0/901s and [0/±45/90]s laminates. may be seen in FIGURE 3.0. It should he noted that in cases

where crack growth extension at a given load level was
slowed due to apparent fiber bridging, the load level was

Presented at an AGARD Meeting on 'Characterivation of Fibre Reinforced Titanium Matrix Compoites. September 1993.
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increased to overcome the effect. The testing was performed the specimens, the result correlated ver, we~l with the fiber
over a five day week, 24 hours a day; however, test support ultimate strength (dull - when corrected for fiber volume and
was not available over weekends. Tests were not conducted number of zero degree plies). This indicates that it may be

over weekends due to potentially long hold times and potential relatively easy to obtain engineering approximations to fiber
power (electric and/or hydraulic) failures. In certain cases, stresses in these types of materials and then apply the results
loads were increased as many as two (2) times during the test to determine an effective AK.
to meet the five (5) working day time constraint.

AKef" = AKapphed - AlKtmdý J
3 RESUI-TS

The d ita in figures 5.0 and 6.0 show spikes in all data sets in
The results of the ultimate strength tests are given in TABLE varying degrees. Observations made during the tests seem to
2.0. The results tend to agree with results obtained for these indicate that thesc "spikes" are due to crack arrest mechanisms
laminates by other investigators (Ref 5). inherent in MMCs. Prior to the spikes, the cracks shorved

very little opening displacement from visual observation. At

The results of the room temperature crack growth rate testing the times when these "spikes" occurred, the cracks were open

were extremely significant. The specimens were large enougL enough at maximum load to show ,ibers. A weak fiber/matri

to show stable crack growth prior to failure. Data shown in interface strength could provide a suffi,ient damping effect to

FIGURE 4.0 compares the results bct,'.een raw and smoothed a propagat;ng fiber failure. It is reasonable to assume tHt a

data for a typical test. The smoothed data provides a much material with a strong fiber/matrix interface would exhibit

clearer view of the crack growth behavior of the material. A notch sensitivity AND much lower fracture toughness

composite plot of da/dN vs. AK for the [0/901s laminate is (without these spikes). More information is clearly required.

presented in FIGURE 5.0. Dta are available for R = 0.05,
0.3, and 0.5. Originally, six (6) tests were planned, however, Crack growth in the stable region was accompanied by
an accidental overload occurred in one of the R=0.3 tests regular noise from the specimens. The noise was clearly
which caused the loss of one of the fragile 4 ply specimens. A audible as a snapping type of sound - failing fibers. The
composite plot for the [0/+45/90]s laminates is given in fibers were apparently failing as the crack progressed. It is
FIGURE 6.0. A sufficient quantity of the eight (8) ply easy to suggest that the local fiber stresses (of) exceeded their
material was available so that spare specimens were used as ultimate strength (Gull) as the cracks grew around them.
required. In this case, an extra test was performed for R=0.05. However, this is only based on the regularity of the sounds
Although the data are limited, especially in the case of the and the fact that no further da/dN r',ltions were seen.
[0/90]s data, several features should be noted. First, apparent
fiber bridging is indicated where da/dN is decreasing with 5 CONCLUSIONS

increasing AK. Second, the "bridging" effect is repeated, as
expected, after the maximum applied load was increased. The
decreasing apparent AK effect is preceded bV a noticeable rate The fiber bridging effect is certainly at work in this case.

increase. The magnitude of the increase is variable, but Future work is required to develop an engineering solution to

consistent. Load increases are indicated where there is a the issue of an effective AK on a macroscopic level. Work is

discrete jump in the value of AK for a given set 4 data points, underway to perform additional tests on the material using

Finally, one of the most interesting trends from the data is the strain gages in the crack plane to monitor changes in deflection

stable crack growth region where no Iii cr bridging is apparent. before and after significant fiber failures. These data may

This is clearly visible in FIGURE 6.0. The data in this region provide the information needed for the engineering solution.

is typical of what• is seen in isotropic materials where seli
similar crack gro%*'h is the standard. The data seems to These data show very clearly that this material exhibits a
support the existence F "laminate" fracture toughness. "laminate" fracture toughness value. This is very important

;. the determination of residual strength and life for these

4 DISCUSSION types of MMCs.

A significant amount of crack growth rate testing has been REFEiRENCES

conducted on Beta 21s/SCS-6 material. Almost ait of the
testing has been performed on very s'na'l specimens (25mm 1. Marshall, )1B., (•ox, B., and |'vans, AG.. "'Tlhe Mechanics

wide or less). While fiber bridging has been noted by several of Matrix Cracking in Brittle Matrix Fiber Composites". Acta
investigators (Ref 1), the region of stable crack growth seen in Metalurgica, Vol I1, pp. 2013-2121, 1985.
these tests would be difficult to observe in small specimens.

2. Juhn, R., Kaldon, S.G., and Ashbaugh, N., "Applicability
Previous experimental studies on Ti- 15-3/SCS-6 have of Fiber Bridging Models to Describe Crack Growth in
indicated that MMCs, in general are notch insensitive (Ref 6). Unidirectional Titanium Matrix Ccnposltes", Titanium

Room temperature crack growth tests were performed where Matrix Composites Workshop, La Jolla, CA, 2-4 June 1493.

cracks have extended completely through the matrix with no
fiber failures. When residual strength tests were performed on



15-3

3. Ahmad, J., and Santhosh, U., "An Estimate of the Effect of 5. Buchanan, D., "Material Characterization of Titanium
Fiber Bridging on Crack Driving Force", WL-TR-92-4035, Matrix Composites", NIC Steering Committee Meeting, Pratt
1992. & Whitney, W. Palm Beach, FL, 26-27 January 1993.

4. Jira, JR., John, R., L,,.i, iM., and Ashbaugh, N.E., 6. Harmon, D., Finefield, D., Harter, J., and Buchanan, D.,
"Notch Fatigue and Crack Growth in Titanium Matrix "Differ,,.-es in Fatigue/Fracture Behavior of Woven Mat and
Composites", NIC Steering Committee Meeting, Pratt & Ac. ylic Binder in the SCS-6/Ii-15-3 Composite", Journal of
Whitney, W. Palm Beach, FL, 26-27 January 1993. Composite Technolugy and Research, Fall 1993.

TABLE 1.0: Room Temperature Test Matrix

.aminate Specimen Type Replicates

[0/90]s O'uit Static 4

[0/±45/901s GuIt Static 2

[0/90]s CCT da/dN 6

[0/+45/90]s CCT da/dN 8

TABLE 2.0 : Laminate Ultimate Strength Data

Laminate Min (MPa) Max (MPa) Ave (MPa)

[0/90]s 1103 1263 1209

[0/±45/90]s 1034 1044 1039
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FIGURE 3.0: Example of Crack Length vs. Cycle Curve Fitting
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FIGURE 4.0 :Comparison of Smoothed vs. Raw Crack Growth Rate Data
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BETA 21 S/SCS6 10/901 s
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FIGURE 5.0: Room Temperature Crack Growth Rate Data for (0/90]s Specimens
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FIGURE 6.0: Room Temperature Crack Growth Rate Data for [0/±45/90]s Specimens
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SUMMARY composite.

Recent work on the prediction of optimal processing Previous work has addressed the reduction of residual
and material characteristics for improved fatigue stresses in MMCs, as an indirect approach to improve
behavior of MMCs/IMCs is summarized. The method fatigue life, by tailoring either the processing, the
is incorporated into the MMLT (Metal Matrix composite parameters, or an interphase layer (fiber
Laminate Tailoring) code. Excellent correlations coating) in unidirectional MMCs 2. Yet, the reduction
between predictions for the isothermal fatigue life of of residual stresses is a quantitative criterion only, as
the SCS-6/Ti-24AI-11Nb composite and experimental does not account for either the complex
data are obtained at various temperatures and stress thermomechanical interactions between matrix and
ranges. Finally, the optimal processing conditions for fibers during cyclic loading, or for the various
improved isothermal fatigue life of the composite are combinations of mechanical and thermal cyclic loads.
evaluated and the attained isothermal fatigue life Instead, the introduction of life prediction capabilities
improvements are shown, into the synthesis cycle allows for the concurrent

synthesis of both process and material, and ensures
explicit improvements in fatigue performance.

INTRODUCTION Additional advantages of this technique are the
automatic identification of significant residual stresses

Fatigue endurance is a primary consideration for high- in connection with the critical failure modes of the
temperature metal and intermetallic matrix composites composite, and the optimal control of their evolution
(MMCs/IMCs), as these materials are expected to irrespectively of the applied loads and TMF cycle.
sustain aggressive mechanical and thermal cyclic loads.
Yet, the inherent heterogeneity of these composites, in Consequently, this paper presents recent extensions in
terms of differing thermomechanical properties, may the capabilities of the MMLT (Metal Matrix Laminate

severely degrade their fatigue performance'. Fatigue Tailoring)3 code to address the previous crucial
life is typically reduced by either the presence of problems. The code entails the capability to predict and
microcracks in the matrix due to residual stresses after maximize the isothermal fatigue life of IMCs/MMCs.
processing, or by interactions between the residual The method was applied on a ceramic silicon carbide
stresses, the inelastic behavior of the metallic matrix, fiber (SCS-6)/titanium aluminide (Ti-24AI-IiNb)
post-fabrication loads and enivironmental effects. matrix composite. This intermetallic matrix composite
Consequently, the development of analytical system was selected for its significance as a candidate
capabilities is required enabling: (1) reliable/robust high-temperature material and the availability of
predictions of the thermomechanical fatigue (TMF) life experimental data regarding its fatigue performance.
of MMCs/IMCs and (2) optimal process/material Excellent isothermal life predictions were obtained at
synthesis for explicitly improving the fatigue life of the both room and elevated temperatures. The robustness
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of the method in low-, intermediate- and high-cycle isothermal cyclic load. Static strain constraints are
fatigue conditions was validated. Additionally, optimal imposed on the fiber and matrix microstrains to
processing temperatures and consolidation pressures eliminate failures during the fabrication and loading
were predicted which maximize the isothermal life at phases. Additional constrains are imposed on the cyclic
room and elevated temperatures. The remaining microstrains of each constituent. Specifically, the cyclic
sections summarize the approach and present the microstrains ea in the matrix should not exceed the
obtained results, sum of the maximum cyclic elastic and inelastic strains

as proposed by Saltsman and Halford5, while the fiber
cyclic strains should not exceed their maximum elastic

METiOD strain limit. The numerical solution of inm. non-linear
programming problem is obtained with the method of

A typical thermomechanical life cycle of a MMC, from feasible directions6. The described methodology
fabrication to failure at cyclic loading conditions (Fig. including the mechanics and the optimization
1) is simulated. The constituents are hot-pressed at algorithm was encoded into the MMLT (Metal-Matrix
elevated temperatures, then both temperature and Laminate Tailoring) code.
pressure are reduced to ambient conditions (70°F and
0 psi). A cyclic mechanical load is subsequently It is pointed out, that the previous formulation can be
applied at constant temperature (isothermal fatigue). applied in two different ways:
Thermal strains are developed during the complete
processing-loading phase, which act as mean strains (!) For predicting the fatigue life of the
and directly affect the fatigue performance of the composite, under fixed processing and material
material. The strain distribution in the composite is parameters. In this case, the life is maximized
also affected by changes in the mechanical properties until some of the cyclic strain constrains are
of the constituents due to temperature and inelastic activated. The resultant maximum number of
effects. cycles corresponds to the life of the composite

for the given isothermal fatigue conditions.
The complicated thermomechanical response of the The associated mode(s) of failure, in terms of
composite during the previously described constituent, microregion, and direction, are
thermomechanical cycle is simulated using incremental also calculated.
inelastic micro- and macromechanics encoded in
METCAN4. The mechanics include temperature effects, (2) For predicting the optimal processing and
the inelastic response of the constituent materials, and material parameters which will improve the
the residual stress/strain build-up based on the fatigue life of the composite. In this case, the
representative unit cell shown in Fig. 2. The life of the composite at the initial set of
constitutive relations were further extended to processing and material parameters is
represent the eiect of mechanical cycles N,- on the predicted, and a search is initiated until the
maximum allowable cyclic strain of the constituents. best combination of process/material
The maximum elastic a.elmax and inelastic ea,ia characteristics is achieved. In this manner, the
cyclic strains5 of the matrix are calculated using the residual microstrcsses and the inelastic
multi-factor equation. The exponents and reference response of the constituents are optimally
intercepts are calculated from calibrations with controlled to achieve the desired objective of
experimental data. The fibers were assumed elastic, maximum fatigue life.
thus, only the elastic counter1. ,t of the maximum
cyclic strain was calculated.

RESULTS AND DISCUSSION
The optimization problem for the direct improvement
of the fatigue life is formulated as the direct Applications of the method on a SCS-6rTi-24AI-IINb
maximization of the fatigue life (expressed by the composite were performed. The temperature and stress
number of cycles) of the composite for a specified factors in the constitutive multi-factor equations were
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calibrated with reported uniaxial monotonic loading composite in the ideal situation of zero residual
data for the Ti-24AI-11Nb alloy7, and the SCS-6 stresses (processing effects were neglected) is also
fiber8'9. The elastic and inelastic strain intercepts, and shown to establish the maximum range for
the corresponding exponents of maximum cyclic strains improvements in fatigue life. Considering this range,
were calculated from experimental isothermal fatigue the obtained fatigue life enhancements seem significant.
data at room temperature 8'9'1 °. It should be noted that The resultant optimal consolidation pressure histories
the constituent properties represent average values at points 1,2, and 3 (see Fig. 5) increased drastically,
from different sources and experimental configurations yet, different pressure profiles were predicted for each
were modelled as accurately as possible. point. Considering the various failure modes associated

with the three fatigue regions, these differences in

Life Predictions. The life prediction capability of the optimal processes are justified, as each optimization
method was first evaluated. The predicted and case has targeted different residual stresses in the
measured8 isothermal fatigue life of a unidirectional composite. The last observation demonstrates the
SCS-6/Ti-24AI-11Nb composite (0.35 FVR) at 70°F capability of the method to identify and subsequently
(23° C) is shown in Fig. 3. The obtained agreement reduce the critical residual stresses in the composite.
with measured values is excellent. Moreover, the The resultant changes in temperature profiles were
method has succeeded in capturing both low-, small.
intermediate-, and high-cycle fatigue regions, which
illustrates the robustness of the method. The Slightly lower life improvements were obtained for the
corresponding predicted failure mechanisms in the isothermal fatigue at 1200° F (650° C) (see Fig. 6). The
composite for each region are also shown in Fig. 3. lower improvements were attributed to the presence of
These are, longitudinal fiber breakage (FI 1) in low lower residual stresses in the material. However,
cycles, mixed longitudinal matrix failure in the C similar trends were predicted in the corresponding
microregion (Cli) fo- the intermediate cycle range, optimal consolidation pressure profiles. The different
and longitudinal matrix failure in the A microregion trends are similar to the ones obtained at room
(All) for the high cycle realm. conditions and correspond to the previously discussed

different failure modes at low, intermediate and high

Isothermal fatigue life predictions at 1200°F (6500C) cycles.
where also obtained (Fig. 4). As seen in Fig. 4, the
results correlate very well with reported experimental
data form various sources9'10 . Again the predictions CONCLUSIONS
have captured the low-cycle, intermediate-cycle, and
high-cycle ranges, as well as, the associated failure The development of a methodology to predict optimal
mechanisms. The predictions slightly overestimate the process and material characteristics for improved
life at high cycles, because oxidation is a factor there. fatigue behavior is developed and incorporated into the
Note that all data shown in Fig. 4, correspond to MMLT code 3. Excellent correlations between
fatigue experiments in air environment. Bartolottal1 predictions for the isothermal fatigue life of the SCS-
and others have noted that environmental effects, such 6/Ti-24AI-I lNb composite and experimental data were
as oxidation, increase the rate of degradation at obtained. The accuracy of the method at various
elevated temperatures. Oxidation effects in the matrix temperatures and cycling ranges was also validated.
will be included in future work. Finally, optimal processing conditions for improved

isothermal fatigue life of the composite were evaluated.

Optimal Processing Conditions. Optimal processing
characteristics which improve the isothermal fatigue
life of a SCS-6[I'i-24A1-l1Nb composite (0.35 FVR)
were also predicted. The resultant increases in REFERENCF-S
isothermal fatigue life at ambient conditions are shown
in Fig. 5, and are compared to the predicted life for the 1. Castelit, M. G., and Gayda J. *An overview of

initial fabrication process. The predicted life of the Elevated Temperature Damage Mechanisms
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1. Abstract discrete characterization of the interphase region may not be
The thermomechanical behavior of continuous-fiber crucial to the overall macroscopic response of the composite.

reinforced titanium based metal-matrix composites (MMC) is it is important to consider the state ot the fiber-matrix
studied using the finite element method. A thermoviscoplastic interface bond. At a minimum, the finite element model of
unified state variable constitutive theory is employed to the composite should be able to simulate perfect bonding of
capture inelastic and strain-rate sensitive behavior in the the fiber and matrix as well as complete debonding of the

Timetal-21s matrix. The SCS-6 fibers are modeled as constituents, It is also desirable to simulate partial debonding
thermoclastic. The effects of residual stresses generated and the evolution of the strength of the interface during
during the consolidation process on the tensile response of the composite loading. One goal of this study is to investigate the

composites are investigated. Unidirectional and cross-ply role of the interface-bond strength on the predicted
geometries are considered. Differences between the tensile thermomechanical macroscopic response of the composite.
responses in composites with perfectly bonded and completely Timetal-2 I s/SCS6.
debonded fiber/matrix interfaces are discussed. Model In the past five years, many experimental and numerical
simulations for the completely debonded-interface condition research efforts have been directed toward titanium-based
are shown to correlate well with experimental results, composites. Experimental research still represents the major

portion of the effort. However. numerical techniques have

2. Intoduction been established as a viable means of composite analysis, and
The aerospace, automotive and gas-turbine industries all their use is becoming more common. Numerical studies

share the never-ending quest for lighter and stronger materials typically employ a constitutive theory with the ability to
suitable for use in increasingly demanding high-temperature capture the plastic and time-dependent behaviors inherent to
environments. The performance of nickel-based superalloys, the matrix in some composite materials. Several
which have been the past material of choice for high- comprehensive constitutive theories have been developed in
temperature environments, has peaked. The development of the past, and new theories continue to emerge I1-51 Most of
composite materials that have reduced weight and increased the theories share common ingredients in that they use some
strength relative to the nickel-based superalloys is critical to plastic-flow rule in cooperation with evolution equations for
achieving the goal of higher operating temperatures, long-life state variables and hardening rules Constitutive models are
and reduced weight. One such composite system is the often implemented into finite element codes in the form of
titanium-based silicon-carbide fiber reinforced metal-matrix user-supplied material models and or incorporated into stand-
composite. alone composite analysis packages

To accurately predict the complex thermomechanical Several researchers have completed numerical and
response for this class of composite materials, the rate- and experimental investigations of the microscopic and
temperature-dependent properties of the constituents must be macroscopic thermomechanical behaviors of titanium-based
considered in the model Adding to the complexity of the fiber-reinforced composites The numerical invcstigations all
composite-material model is the lack of a complete required some a priori assumptions about the interfacial bond
undeistanding of the behavior at the fiber-matrix interface strength Many computational works hase consideed the
The nature of the interface bond is a combination of fiber-matrix interface as completely bonded. e g Kroupa. et
mechanical and chemical bonding, and the contribution of al [61. Aboudi [7[, Santhosh and Abmad [8I. (;os/. ct al 191.
each is not well defined, and Arnold. et al 1101 While others have considered the

The use of a unit cell in the finite element method is interface as completely debonded or strong, e g Grad-, and
common for investigating the stress state on the microscale l.erch [II], Nimmer. ct al 1121. and Mital and Chamis 1131
This approach assumes that the respective thermomechanical Still other studies have considered it in between perfectly
properties of the matrix and fiber can be characterized bonded and debonded, ie wcak, e g l.issenden ci al 1141.
individually. The individual constituents can then be used Eggleston and Krempl [151, Mital ci al 1161. Majumdar. et al
together in the finite element model such that the overall [171, In addition other analyses of ri-based composites hase
response of the composite can be simulated. been completed and are worthy of attention 118-261 The

In addition to the material properties of the constituents, evolution and effect of fiber-matrix debonding is a major
the finite element model should also consider the fiber-matrix concern in composites which are loaded transvcrselv to the
interface bond and the immediate surrounding region. While fiber direction [271

Presented at an A(;ARI Afeeting on '( hararterisation of Fibre Reinforced Titanium .Matri.i ("oipostct: Se'ptemhb'r I')N
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The goal of this paper is to use the unit cell in the finite and the inelastic component

element method to investigate the macroscopic response of the
composite due to tensile loadings at 23 and 650"C The 2 f,_2(5)
influence of the residual stresses developed during the =f ' - f - ( 5

consolidation process are addressed. Unidirectional 1014 and Q, 3

cross-ply [0/901, lay-ups are considered. The effect of pertfect
and imperfect fiber/matrix interfaces and rate-dependent
matrix behavior on the response are investigated The back-stress-recosecr equation is

3. Consdituive Theories for the FIber and Matrix
A unified constitutive theory was used in this study to 13= - w. 2I( - (') (6)

model the matrix thermrnomechanical behavior. The theory %%as toJ

chosen for its ability to model the nonlinear time-dependent
behavior. The model %%as proposed b. Ramasvvamy and
Stouffer [291 and is based on the theoretical development of The drag-stress esolution is described b%
Bodner and Partom [291 Sherwood and Boyle 1301
implemented the theory into the AI)INA finite element / =m(!1 _Z 71/ -_A 1(t_- . (7)
program [311 in the forn of a user-supplied material model
for two- and three-dimensional analyses. Ramaswamy. et al
demonstrated that the model had the abilitv to accurately The value of D. is tIpically assumed to be IOW and is
predict the tensile, creep and cyclic behavior of Rend 80 over temperature independent The remaining matenal constants n.
a wide range of temperatures. In addition, Sherwood and 17, fl. B, r. m. Z,. , A, and p are temperature dependent

Stouffer [32! used the model in analyses of Rend 95. Boyle [33] Timetal-21s. the matrix material. was developed b, '
used the model to investigate the thermomechanical response TIMET to be roughly equivalent to the Ti-15V-3Cr-3Sn-3AI
of a titanium-matrix composite. Sherwood and Fay [34] (atomic percent) material vvith much iniproved oxidation

demonstrated its abilitv to accurately capture material response resistance. Previously designated Ti-p21 s. Timetal-21 s is
to nonproportional loadings. characterized by a high melting point, low density and

Material constants are derived from experimental testing improved oxidation resistance due to the removal of the
of monolithic matrix materials The work of Sherwood and vanadium (V). The exact chemical composition is proprietary
Doore 135] has streamlined the process of finding the information. The temperature-dependent material constants
necessary temperature- and rate-dependent material constants, used is the present study were developed by l)oore. and are

The state variables 7. and Ql represent changes in the given in Table I. These material constants %ere derived from
microstructure and describe the isotropic and kinematic neat material test data supplied by the tJnisersit. of Davton
haroening contributions, respectively. An extensive review of Research Institute (UI)RI) and the NASA I,ewis Research
the Ramaswamv-Stouffer constitutive theory is presented in Center (NASA I.eRC) A complete discussion of the material-
133[ and is readily available in other references [36] T'hus, a constant-determination methodology is presented in [36]
detailed review of the theory will not be reproduced here The Textron Specialty Materials SCS-6 silicon carbide
Rather. the following equations summanze the constitutive fiber is the reinforcement constituent used in the composites
theorv' under investigation The fiber behasior is such that a

fhe flow rule is represented by thermoelastic material model can be used to capture the fiber
in the composite analyses Table 2 summartzes the material

constants for the fiber

t = Dexp I Z' S~j- Q.) (I) In Tables I. and 2 , the secant coefficients of thermal
F3 Kx- expansion (CTI.) were adjusted to correspond to a reference

temperature equal to that for the consolidation of composite
The consolidation temperature is proprietar, information and

wvhere K, is analogous to J, and is given by can not be presented here the CTI{ reherence temperature is

the temperature at which the thermal strains are equal to ,ero

K, = 2(S - Rd( XS - t I) (2) J. linif, Element Modeling

The fully three-dimensional finite element model of the I
sCS-67 rimetal-2IS 10], system is the first in a series ot

with the back-stress-evolution equation models used to numerically inestigate the macroscopic

behavior of the composite The linietal-21s composites
considered in this Aoirk have a fiber-v oluhie traction of 330.

The three-dimensional model is used to capture changes in the
stress state that occur durintg convolidation iilld the subsequent i

expressed in terms of the elastic component external load application

A square unit cell ol a unidirectional ciniposute is sh,',n

-fiS,, )in Figure I The unit cell is representatih e ot a t\ pical section
of the composite that is lot influenced by edge effects Figure
I also shows the tio planes oh snvmrner% that are present in

the unit cell Symmnetr boundary coniditioni can therefore be

Sti llll i lli
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Temp CTE n z E f, f3  C1s^AT
.C IO/C MPa MPa MPa

23 949 1.40 703 113681 660350 0.6971 661

260 10.45 1.20 737 106116 49664 0.8081 537

482 I 1.24 1 05 760 93674 23609 0.7669 384

650 1179 0.95 781 68065 20431) 02811 79

760 12.11 0.65 805 653o2 19067 02758 43

815 12.27 0 55 807 640,9 19007 0.2739 33

Table 1. Timetal-21s material constants as a function of temperature

Temperature Elastic Modulus Poisson's Ratio Fiber CTE

I C MPa 10-6PKC

21.1 393000 025 3,93

93.3 390000 0.25 397

204.4 386000 0.25 404

315.6 382000 025 4.12

4267 378000 0.25 4 20

537.8 374000 0.25 429

6489 370000 0.25 4.38

760.0 365000 0.25 445

871 1 361000 025 453

1093 3 354000 0.25 4 56

Table 2 Material properties of SCS-6 fibers in Timetal-21S matrix composites

used in a finite element model to capture the behavior of an
entire unit cell with a mesh which is only one-quarter of the

total cell geometry. The finite element models in this paper
SFiber take advantage of these svmmetnesFib The finite element mesh of the unidirectional 101,

Matrix composite in Figure 2 represents one-quarter of a square unit

cell. The fiber is modeled using 48 elements, and the matnx

Y is modeled with 32 elements [his mesh densit, %%as

determined in a previous studN [331 to be suitable for use in
three-dimensional composite analyses All elements employ
the 20-node TIIREEDSOIDI) element formulation in ADINA

The thickness of the model "sas chosen to vield the optimum

L .. aspect ratio for the matrix elements and represents an average
of the matrix element sitde lengths A step change in material

Figure 1 Unidirectional composite unit cell properties occurs at the fiber-matnx interface
and lines of symmetry The fiber-matnx interface bond was characteri/ed as

either perfectly bonded or completeI, debonded The perfect
bond was modelled hs the fiber and the matrix elements
shanng the nodes on the interface A complete fiber-matnx-

interface debond was modeled using the contact-surface option
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Similarly, the r des belonging to the positie z-face are
c,,n.traincd to have the same z-displacements. The latter two

boundary conditions serve to satisfy Compatibility

FirMail requirements. The modeling of the perfectly debondr , "iber-

matrix interface introduces some difficultly in the definition

of the boundary condition for the x-displacement of pla'i,.
sections to remain plane. This difficulty is particular to
ADINA and is addressed in the Appendix.

It is important to note that use of the above boundary
conditions in the modeling of imperfect fiber-matrix interfaces
can introduce physically unrealistic behaviors. rhe above
boundary conditions used to capture the response ofa nominal

layer of the composite will artificially hold the fiber in place

Figure 2 Finite element model of the when complete interface separation occurs. This behavior is
imidirectional [014 composite physically unieasonable as complete interface separation

iysetim cwould allow the fiber to move independently of the matrix

Thus, these boundary conditions carry the inherent assumption

',at due to varying gripping along the length of the fiber, the

fiber is never free to mose independently from the matrix

The finite element mesh of the [0 901, composite in

Figure 3 represents 1 .6 of a unit cell and takes advantage of

the symmetry found in a complete [0,901, unit cell. The fiber
is modeled using 96 elements and the matrix is modeled vith

F'ber-Maftrx '11 elements The mesh densitv is based upon that used in the
-; ",Intled three-dimensional [01, modeling lHowever, the computational

' b .P1X resoutcs required to cor plete the [,,I modeling %ere

Int, fac-" -. significant This fact had to be considered %s hen deseloping
the 10901, models.

•I 1i /%' The deptl.: -f the finite elements used in the cross-plh

model were extended to lengths equal to the length of a side

- of one-quarter of a unidirectional unit cell Finite elements
soed in the transition between the [01 and [90] liber

Figure I Finite element ;nodel of the orit.ations were degenerated to alloyn mating of [0j and [90i

•)/90], cross-ply compostte unit cells w•ich make up thc complete cross-plh model The
sybZr.n mating of the 101 and 1901 unit cells is acconip,ished using 20-

nodded TIIREEDSOLII) elements located at the midpoiit ot
in ADINA This approach required pairs of comn-ident nodes the two fiber orieneations Most elements employ the 2')-

at the interface. One node is used in the eleme.., connectivity nodded TIIREEDSOI.lD element formulation The exception
of th. matrix and the ther for the fiber The contac' surface occurs with the use of 12 degenerated 16-nod!&.d
permits compressive loý,ds non.,al to the surface to be TIIRE'DSOI.ID elements used to complete the [10 to 1901
transmitted across the interface wiihout violating compatibility transition. The correlation of the numerical and experimental

between the fiber and matrix To properly define the contact, results presented raterjustil' t0e ppropriateness of the cross-

the midside nodes ,.c deleted from the element faces on ply model -esented here The displacement boundars
which contact surfaces were applied. Finite element contact conditi, ; are analogous to those used for the unidirectional

algorithms are t(pically not equipted to handle miidside model. The model also cotsidcred the weak and •trong

elewient nodes. The ADINA contact algorithms require that interface ý,onditions as described previously for the
midside nodýcs be removed ifcompatibilitt between contacting unidirectional model

surfaces is to be strictly enforced. The coefficient ou friction
between the two surfaces was set to zero in keeping with the 5. Analysis Conditio-..
zcro-bond-strength assumption This assumption is consistent A series of straii-rate control simulations were performed

with that of other composite modeling efforts 18,17,331. for each of the interface bond conditions he composites
Symmetry boundary conditions are imposed on the three were subjected to the m-nufacturing proce iollowed b% a

negative faces of th-; model. The orientation of the libet strain-rate control tensile It I at either 23 or 650 C The

coincides with the x-axis. The displacements ofiodes on the manufacturing process assumed a one-hour linear cooldovrn
negative x-face are confined to the y-z plane. The from !he ,-nsolidation tre,Iteratuic to rvoon temperature For
displacements of nodes on the negative y-lace are cot fined to tensile tests performed at 23 C. the pull was done immediatehl
the x-z plane. Similarly, the displacements of nodes on the following the manufacturing process For the 650 C tensile

negative z-face are confined to the x-y plane All ndes tests, a reheat from r,,om temperature to 650 C %%as performed

belonging to the positive x-face are constrained to have the before pulling I-or the unidirectional composite, the material

same axial displacements. This boundary condition is used to response %%as invt.igatcd for displacement loads ii and

obtain the behavior in a nominal layer of the composite and normal-to the fiber direction The cross-plh, pull was such tIf

satisfy compatibility The nodes belonging to the positive i- it i line with the 0 -fibers and normal the 90 -fibers
face are constrained to have the same y-displacements To cxplorc the influence of the rc, dual strc,,cs resulting from
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Figure 4 0° lamina response at 23°C. Figure 7 00 lamina response at 650°C.

stresses (PB w/o RS). Although it is unrealistic to expect
such a case to exist following consolidation, this model

, _____represents an upper limit of the composite response. The

inclusion of the residual stresses due to consolidation with the

perfect bond (PB w, RS) results in a reduction of the overall
stress level. This redu 'ion is a direct result of the initiation
of matrix yield at lower strains due to the tensile residual

"stresses in the fiber direction. The inclusion of the

fiber/matrix contact surface with the residual stresses (FMCS

w/ RS) yields the same result as that without fibervmatrix
S.contact. This result is expected as a direct result of the

* ,boundary condition that constrains the fiber and matrix to

. move together in the axial direction such that the axial face

remains plane.

Figure 5 900 lamina response at 23
0

C. The unidirectional composite response for a displacement
load normal to the fiber is shown in Figure 5 In this figure
it is observed that the residual stresses serve to increase the
overall stress response of the system when perfectly bonded
unidirectional specimens are transversely loaded The matrix

stress state following consolidation is tensile in the fiber
7- -- - _ -- - direction. The resulting 3-D state of stress requires the

-- ---------- application of additional stress in the lateral direction to
counter the tensile stress in the fiber direction before yielding

;an occur. This stress is more than would be necessary in a

stress-free matrix The response of the completely debonded

composite to the transverse load is far less than the bonded
specimens due to the inabilitv of the debonded matrix to

transfer loads to the fiber The resulting response is
-p. - ', essentially controlled by the mcchanical behavtor of the matrix

,- -•--,--'- ' ,material Figure 6 shows the fiber matrix debonding observed
in unidirectional systems transversely loaded in the y-
direction

Figure 6 Fiber/matnx debonding in adieto
unue idirectianal debpondin loadedThe results of the unidirectional tests conducted at 650 C
normal to the fiber direction closely parallel the behavior observed at room temperature in

the same system. The elevated-temperature stress-strain

response for the composite is naturally less than the room

the manufacturing process on the overall response, some temperature response. IHowever, the predicted tensile behavior
tensile tests were run without first simulating the is much the same for each of the loading conditions

manufacturing process. considered. Figure 7 shows the results of the elevated-
temperature response for loading in the fiber direction. Once

6. Unldtmcdonal Composi* Resulft again it is observed that the highest stress is observed in the

The numerical investigations of the unidirectional perfectly bonded interface model without residual stresses
composite systc were conducted as outlined above. The Ilowever, the inclusion of the residual stress state in both the

effect of the residual stresses on the overall response was perfectly bonded and debonded analyses has only a small
minimal Figure 4 shows the unidirectional composite effect on the overall response as compared to what vas

response to the axial loading at 23C The highest stress level observed at room temperature At the elevated temperature

is observed in the system with a perfect bond and no residual the matrix residual stress resulting from the thermal mismatch
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Figure 8 906 lamina response at 6500C Figure 10 FEM and experimental [0/90],
laminate response at 650°C

Figure It FEM and experimental results of Figur 11 FEM and experimental [0/90L
[0/90L lamninate response at laminate response at 650°C; as a
23°C function of strain rate

of the fiber and matrix has been reduced It is noted that the experimental data provided by" the NASA I.c%%is Research
elevated temperature response is largely fiber dominated. Center indicates the compicteh, debonded anal.'sts is the most
Figure 8 shows the results of the unidirectional composite realistic The good correlation at 23 C between the
responses to the transverse loading at 650-C. Not unlike the experimental data and the anal,,ti.al model of 10'901, system
behavior observed at room temperature, the inclusion of the with completely dcbonded interfaces and %.tth the inclusion of
residual stress in the Perfectly bonded model increases residual stresses mav be indicative that the actual material
composite stress levels relative to the residual -stress-free interfaces are verv. wecak following consolidation. i e the bond
model. The debonded model with residual stresses shows is essentially only a mcchanicai one
once again a significant drop in the stress-strain response due Figure 10 shows the results of the cross-pl%, analyses
to the inability, to transfer tensile matrix loads to the fiber conducted at 650"C and a strain rate of' 1 -104 s ' At tihs

elevated temperature, the response is rate-dependcni The
7. ('ross-Ply (omrposite Results results exhibit the same behavior obser'.od during the room

The (0,901, cross-ply composite system was investigated temperature anal,,ses lioi%%eser, the more distinct separation
at 23 and 650':C as discussed previously Figure 9 shows the between the perfectly, bonded models %ilth and %%ithout
results of the evaluations completed at 23'C. The perfectly residual stresses is once again indikatt\c of the weakened
bonded cross-ply composite responses. with and without matrix at elev'ated temperature and the inc:reased role of the
residual stresses. at 23 'C are quite similar The effect of the fiber. As before. the complctceN dcborded model with
residual stresses on the response of the perfectly bonded residual stresses shosssthc Io%,.eststress level The agre-.ment
composite is a slight decrease in stress level caused bN marinx betmeen the analytic:al and expri~rmental results is essentiallk
yielding at a lowecr strain than would occur in their at:.ence as goo~d as asobscr~cd at 23 C The shape of the
In an overall sense, the matrix residual stresses developed experimental stress-strain curv.e indicates an evolution of
during the consolidation process have a detrimental effect damage This damage evolution maN be due to the
l'hls reduction c:an be interpreted as the onset of }, idig in development of microc.racks, and mscro~oids in the matins
the 0 direction is greater than the increase in yield strength material It maN, also he a consequence of fiber-mainx
in the 90 direction The perfectly debondcd mo;del %%,th debonding
residual stresses shoi~s the least stress level of all in the set of Figure I I sho%%. ite resulis of the c:ross-pl% analkscs at
simulations A comparison of the three analytical results %4ith 650 C as a fu~nction of strain rate: All these simulations

.... . ... ....
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11. Appendix
The use of a contact surface in ADINA requires the

definition of a target surface and a contactor surface. In this
case, the face of the matrix at the interface is defined as the
target and the face of the fiber at the interface is defined as
the contactor. However, ADINA does not allow
displacements to be prescribed for nodes belonging to a
contactor surface. Thus, fiber-element nodes located at the
fiber-matrix interface and on the positive x-face of the model
could not be constrained to have the same axial displacements
as other nodes on the face. The failure to constrain these
nodes would have resulted in an analysis that did not represent
the behavior of a nominal laver of the composite. LT Beam

The appropriate constraint of the contactor nodes was IcB
achieved through the use of short and rigid beam elements.
The two-nodded beam element in ADINA is a 12 degree-of- .. .
freedom (DOF) element allowing displacements and rotations (
at each node. All rotational DOF's were inactive when used
in conjunction with the THREEDSOLID clement type. The 7
short and rigid beam elements were defined as outward --- •--,-, -- -

normals to the positive x-face of the model using the contactor Fier Matrix
nodes of the fiber and partner nodes located slightly above the FiM-MaU'b Inifaoo
positive x-face. The rigid beam element modulus was set to
4 ,,10' MPa and is roughly two orders of magnitude stiffer than
the SCS-6 fiber at room temperature. This value of the Figure 12 Schematic of rigid beam element
modulus was chosen because it is sufficiently large to truly used to satisfy axial compatibility
represent a stiff member without impacting the stability of the
overall finite element solution. The partner nodes to the
contactor nodes used to define the beam elements were all
constrained to have the same axial displacements as the other
nodes on the positive x-face as shown by Figure 12. This
figure provides a close-up view of the fiber-matrix interface
region. Thus, by use of the rigid beam elements, the contactor
nodes had axial displacements consistent with the modeling of
a nominal layer of the composite.



CRACK GROWTH UNDER CYCLIC LOADING IN FIBRE REINFORCED TITANIUM METAL MATRIX
COMPOSITES

P Bowen
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The University of Birmingham, Edgbaston, Birmingham, B 15 2T7, UK

ABSTRACT fracture mechanics based approach may be of use
provided that effective crack-tip stress intensities can be

This review paper considers the experimental determined, and such evaluation is the subject of many
characterisation of crack growth from unbridged defects numerical micromodels (7-13). In such models the
in fibre reinforced titanium metal matrix composites influence of bridging length scale" must be LVIliduled
subjected to cyclic loading by the use of fracture carefully (6, 14- F6)
mechanics parameters. The conditions under which
parameters such as the nominal applied stress intensity The purpose of this paper is to address some of the
range, AKapp, the nominal maximum stress intensity issues that relate to the characterisation and predictive
factor, Kmax, and the effective stress intensity range, modelling of crack growth resistanLe from an initial
AKeff, are of use, and their experimental measurement unbridged defect subjected to cyclic loading. In
are considered. Effects of fibre fracture, stress intensity particular the experimental determination of factors that
factor range, mean stress, loading configuration (bending control crack growth resistance will be considered.
versus tension), test temperature, and fibre-matrix
interfacial strength on fatigue crack growth resistance 2. EXPERIMENTAL STUDIES
are highlighted. Finally, a possible approach to the
prediction of crack arrest in such composites is outlined. 2.1. Materials

1. INTRODUCTION Commercially available titanium alloy/silicon carbide
fibre composite systems: Ti-15-3/SCS6; Ti-6AI-4V/

At present, there is considerable interest in silicon SCS6; Ti-6AI-4V/SM1240; and Ti-3215/SCS6 have all
carbide fibre reinforced titanium metal matrix been studied. Details of all systems are given elsewhere
composites for use in aerospace applications at elevated (3-6, 16-20). Here, it is noted that all composites
temperatures. In the longer term, matrix alloys based on reinforced with SCS6 fibres have a nominal fibre
titanium aluminides may offer the potential fof use at volume fraction of 0.35, while those reinforced with
temperatures of upto 9000C, but for the present there are SM 1240 fibres have a nominal volume fraction of fibres
lower temperature applications where more conventional of 0.3 1. In the metastable 0 systems ageing treatments
titanium alloys are suitable for use as the matrix phase. have been found to increase the interfacial strength. In
These composites are expensive to produce and to justify most cases unidrectionally reinforced materials only
their use it is essen.ial to utilise their mechanical have been considered, but initial tests on cross-ply
properties fully. Commercially available laminates are no' n progress and results obtained on
unidirectionally reinforced materials at ambient the Ti-6AI-4V/SCS6 cross ply laminate system rein-
temperatures may have longitudinal tensile strengths in forced to a nominal fibre volume fraction of 0.35 are
excess of 1600 MPa, and they can exhibit fatigue also reported.
lifetimes of better than 104 cycles when stressed at upto
75% of their longitudinal tensile strength. 2.2. Fatigue crack growth resistance curves

Under such envisaged loading conditions it is imperative To date, most tests have been confined to single-edged-
to establish their "fitness for purpose" and reliability, through thickness notch testpieces in bending, but
Indeed, to utilise their potential fully it is necessary to comparisons for some systems have now been made
develop realistic methods of assessment of damage and with single-edged notch testpieces in tension-tension
validated lifing procedures. It is natural, in view of their loading. Initial normalised notch depths of between 0.05
envisaged substitution for monolithic alloys in many and 0.25 have been considered, where the notch depth is
cases, to consider the use of fracture mechanics normalised to the testpiece width. Crack growth was
parameters including the fracture toughness, stress monitored using the direct current potential difference
intensity factor range, and integrated crack growth rates technique. In many cases, care is required to establish
for the prediction of fatigue life. Such parameters are appropriate calibration curves of normalised potential to
not usually applied to characterise damage in fibre normalised crack depth because of the small size of
reinforced composites, but it is important to recognise testpiece under consideration (5).
that many studies have established in these titanium
MMCs that localised dominant cracks can develop Tests have usually been performed using a constant
under cyclic loading (1-6). Examples are shown in cyclic load range, AP. Therefore, the nominal applied
Figure 1. Such observations give confidence that a stress intensity range, AK app, increases with increases
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in fatigue crack length. Crack growth resistance curves the debonding shear stress.
can be usefully represented under such testing conditions
by plotting crack growth rate per cycle, da/dN, versus The wide range of assessment techniques employed
either AKapp or total crack length. Servo-hydraulic during these studies have allowed micromechanisms of
testing machines, operating at test frequencies of up to crack growth in fibre reinforced composites to be
10Hz, have been used throughout these programmes. elucidated, and they have also highlighted many
Since these tests in bending require very low loads, the important factors for controlling crack growth resistance.
largest load-cell employed was rated to 1OkN. [Under A selection of some of these results is now presented.
tensile - tensile loading a IOOkN load cell has been
utilised. Note that hydraulic grips are required to 3. GENERAL CHARACTERISATION OF THE
perform tests under cyclic tensile loading on these FATWI r-ei CRACK GROWTH RESISTANCE
materials]. Load ratios of both R=0.5 , - '0.1
(where R=Pmin/Pmax and Pmin, Pmax a., the minimum
and maximum loads applied over the fatigue cycle
respectively) have been considered. In monolithic Ti-6AI-4V material (manufactured by a

foil-foil processing route similar to that used for many of
A methodology of evaluating crack arrest for a given the composites under study here), a characteristic fatigue
geometry of specimen and initial unbridged defect has crack growth resistance curve is obtained, see Figure 2.
also been developed (16,25). It involves, for a given For AK >Ž 4.5 MPam1 2 , the curve can be represented
mean stress and a single composite system, testing a well by a Paris-Erodgan relationship of the form
range of initial AKapp values until crack arrest (defined da/dN = CKm, where C and m are numerical constants,
as dajdN < 10- 8 mm/cycle) has been achieved under a equal to 9.2 10-9 mm/cycle and 3.12 respectively (for
constant cyclic load range. It is important to note that AK in MPaml12 ).(! 1)

multiple tests are required since once the crack is
bridged by fibres then comparisons between testpieces In sharp contrast for the Ti-6AI-4V/ SM 1240 composite
are valid only if the testpiece geometry (including system, the dependence of crack growth rates observed
unbridged to bridged scaling length) is similar and even experimentally da/dN is shown versus total crack length,
then great care is necessary. Figure 3, for an initial AKapp of 7.5 MPam 1/2. At this

stress intensity range, crack growth rates decrease with
nof fibre fracture during increases in fatigue crack length until crack arrest is

cyclic loading obtained, despite the increase in nominal stress intensity

range with fatigue crack length increase (because these

Early studies deduced the onset of fibre fracture from tests are performed at constant cyclic load range).(l I)

audible emissions and rapid voltage excursions observedduring crack growth (4 .zl). Such events have now been Such observations are quite general in all systems
durig cackgrowh (, 21). uchevets hve ow een studied to date, where crack growth increments per

quantified by the in-situ use of both acoustic emission studed date, wheredcrack grow th crnp
and direct optical observation of the failure of (surface) cycle, didN, usually decrease initially with crack
fibres during cyclic loading. A commercially available length increase ahead of the initial unbridged defect.
PAC LOCAN AE analyser has been used, and under the Examples are given in Figures 3 - 6. These decreases
conditions of use, fibre fracture is characterised by in crack growth rates are despite an increase in nominal
amplitudes of Ž> 90dB. Details of this system and applied stress intensity range, AKapp. with crack length
analysis are given elsewhere (22, 23) increase. An explanation for this unusual crack growth

a s i sbehaviour is given by considering optical sections
through interrupted fatigue crack growth tests, see

2.4. Evaluation of fibre-matrix interfacial strength Figure 1. The micromechanism of crack growth is well
characterised by initial crack growth through the matrix

Early studies employed micro-hardness push-out tests, which breaches (debonded) fibres in its wake. In studies
(5, 19) but recently a continuous load-displacement fibre to date no fibres have been observed to fail ahead of the
push-out test has been developed at the University of growing fatigue crack tip). The bridging fibres then
Birmingham. A remote high resolution optical telescope reduce the effective stress intensity at the growing crack
and video recording system have been used to monitor tip, AKeff, and if no (or very few) fibres fail then crack
the behaviour of the individual fibres during the growth rates decrease eventually to crack arrest defined
push-out tests. Details are given elsewhere, (2) but here by da/dN < l0-Smm/cycle. The balance between
here it is sufficient to note that such a system allows sub-critical crack growth and catastrophic failure will be
both the debonding shear stress and the frictional shear governed primarily by the number of fibres remaining
stress of the (debonded) interface to be evaluated, intact within the crack wake, see Figure I and Table 1.

In all tests performed to date crack growth either arrests
In general for the systems studied to date the value of the eventually or catastrophic failure occurs (defined by the
frictional shear stress appears to be higher than that of symbol 4, in all Figures).
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A second general feature of all tests to date is that the For Ti-6A1-4V/SCS6 composites such effects of elevated
failure of discrete fibres often sharply increases local temperature on crack growth behaviour are less clear,
crack growth rates, see Figure 7, where the failure of see Figure 13. Crack growth rates are once more
fibres has been identified unequivocally by acoustic increased at the test temperature of 550'C relative to
emission techniques. (For reference a complete their respective room temperature values, and lower test
amplitude distribution for events detected during this test frequencies promote increased crack growth rates.
is given in Figure 8). Note to measure such local However, in this system catastrophic failure occurs at a
increases in crack growth rate it is essential to monitor longer crack length at the elevated temperature. Note
crack growth rates by continuous potential difference that this observation is rationalised by the fact that crack
techniques. Further examples are given in Figure 9, and bifurcation away from the maximum mode I opening
Figure 10 (following monotonic overloads to fracture direction occurs at the test temperature of 5.50C for this
individual fibres). The sharpest increases in local composite system alone and is consistent with a reduced
fatigue crack growth rates are observed at near crack effective fibre-matrix interfacial strength at this elevated
arrest growth rates, and the magnitude of these growth temperature( 26).
rate excursions is also in part determined by the precise
secant method employed to determine crack growth These preliminary observations indicate the potential
rates. These observations indicate that to model these complexity of the behaviour of these composites at
systems the fibres must be considered as discrete entities elevated temperatures. Some confidence in the
(11-13). Moreover, many tests have illustrated that repeatibility of the types of testing carried out here can
fibres may fail after extended cycling in near crack arrest be gained from Figure 14 and Table 2 which indicates
regions, (see Figure 4) and which may plausibly be only a factor of two difference in total life for similar
interpreted as a result of changes to fibre-matrix testpieces, and closely similar crack growth resistance
interfacial regions with cycling, curves are observed for all three testpieces.

The paper now considers some specific experimental 3.2. Effects of fibre-matrix interfacial strength
observations which indicate controlling features of these
composite systems when subjected to cyclic loading in After peak ageing the interfacial strength of the P21 S/
the presence of a through-thickness unbridged defect. SCS6 composite system increases significantly,

compared with solution-treated or as-processed
3.1. Effects of test temperature conditions. Values of the debonding shear stress

increase from approximately 80 to 120MPa, and values
In tests performed to date at elevated temperatures crack of the frictional shear stress (after debonding) increase
growth rates usually increase relative to those measured from 100 to 180 MPa. Moreover, the number of cycles
at room temperature(17, 18). However, a fL.I picture of to failure decreases sharply from a minimum of
the influence of test temperature on testpiece life and/or 1,800,000 for as-processed and solution treated
crack arrest has yet to emerge, and it is expected in part conditions to 88,000 for the peak aged condition. These
to depend upon the influence of test temperature on the studies are reported elsewhere, (20) but here it is noted
fibre-matrix interfacial strength. Certainly in systems that the initial stress intensity factor range was sufficient
which can age during testin, iounced effects of test to promote fibre failure in all conditions. Under these
temperature and test frequency are observed, see Figures circumstances an increase in interfacial strength would
11 and 12 respectively for Ti-15-3/SCS6 composites in be expected to increase the incidence of fibre failure and
the solution treated condition. For an initial AKapp level hence to promote earlier catastrophic failure, because the
of 16 MPam1/ 2 crack arrest is observed at room fibres will be more highly stressed as a result of more
temperature only, Figure 11. As the test temperature is efficient load transfer.
increased, crack growth towards arrest is interrupted by
sharp-crack growth rate excursions, and catastrophic 3.3. Effects of loading geometry
testpiece failure occurs eventually. In general, crack
growth rates increase with increased test temperature Figure 4 suggests that crack arrest can occur more
and catastrophic failure occurs at decreased crack length, readily under cyclic tensile loading than under cyclic
see Figure II. This is reflected clearly in the number of three point bending, for tests performed under
cycles to failure as a function of test temperature, see identical initial AKapp conditions. However, this
Table 2. More subtle effects of test frequency are also cin be shown to be a function primarily of the
observed at the test temperature of 500'C, see Figure 12. rate of increase in stress intensity range with crack
In general, the poorer crack growth resistance of the increment by matching the rate of nominal
composites that is displayed at elevated temperatures AKapp increase for each geometry. (This is
requires both faster matrix crack growth rates and easier achieved simply by load range shedding for the tensile
fibre fracture (consistent with an increased fibre-matrix geometry and load range increases for the bending
interfacial strength on ageing), but further work is geometry after appropriate crack depth
required to establish such observations fully. increments).
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Under such conditions, similar crack growth behaviour size and a single composite system( 16 ,25 ). These
can be produced for each testpiece geometry, and this studies have resulted in a simple model for the
illustrates the usefulness of even nominal stress intensity prediction of fibre failure for testpieces of a specific
parameters in characterising crack growth in geometry and for the given composite system
geometrically similar testpieces (24). (Ti-6A1-4 V/SM 1240). This is reported elsewhere in

more detail (16), but some of the results are also
In this context the influence of testpiece size is expected summarised in Table 3. Since crack arrest occurs if few
to introduce further significant effects and is the subject fibres fail, then provided Kmax valVes (where Kmax is
of continuing studies. the maximum nominal stress intensity factor applied

over the fatigue cycle) after the first row of breached
3.4. Effects of mean stress fibres are kept below 27.5 MPamlt2 then crack arrest

will be predicted, and is consistent with the experimental
In general, two different regimes of behaviour can be observations in this single system. It is of interest to
distinguished under equivalent AKapp conditions, and note that such values of Kmax that can be tolerated vary
they appear to depend upon whether increased mean with composite system for testpieces of identical
stress promotes major instances of fibre failure. In geometry, and are greatly reduced for a 0/90 cross-ply
situations where crack arrest will eventually occur at laminate (which has only half the number of 0W bridging
both mean stresses Figure 5, the influence of mean stress fibres present for an equivalent increment of crack
can be seen only to promote crack growth to longer depth), see Table 4.
crack lengths (i.e. an increased number of load cycles
occur prior to arrest). This may be the result of minor It is important to note that such an approach implicitly
instances of fibre failure, but is more likely in general to includes a bridging scale length argument because the
be simply a consequence of decreased threshold values, crack depth increment to breach the first row of fibres
AKth, which often result in monolithic alloys at will be constant for a given fibre architecture. Thus the
increased mean stress (17). In other examples, cracks model can account easily for the experimental
can grow towards arrest at low mean stress conditions, observations, Figure 18, that a smaller initial unbridged
R = 0.1, but can grow to catastrophic failure under normalised crack depth, ao/W (where W is the testpicce
equivalent AKapp conditions at high mean stress, depth), can be more damaging than a larger unbridged
R = 0.5, see Figures 6 and 15. In such situations little defect when tested under an identical initial stress
effect of the higher mean stress is observed on crack intensity range AKapp (= 18 MPam/i2). This is simply
growth rates prior to catastrophic failure. In general, because the fixed absolute increment of crack depth
bridging fibre failure is deduced to occur more readily at required to breach the first row of fibres will produce a
high mean stress because they will be required to resist larger increase in Kmax for the smaller initial crack.
greater local crack opening displacements during the The approach has clear potential to produce crack arrest
load cycle. Ilowever. an important feature is that as maps.
each fibre is stressed more highly it will exert a higher
clampback stress across the crack surfaces in the wake 4. GENERAL DISCUSSION
of the crack provided it does not fail i.e. it is both more
potent at shielding the crack-tip and closer to reaching Several factors that may control crack growth resistance
its fibre fracture stress in tension. Such considerations have been demonstrated experimentally. Although no
are inherent to numerical and analytical micromodelling unique relationship between ar, applied nominal stress
studies and are discussed elsewhere( 6 , 11 - 13). In intensity factor range and crack growth rate can be
sumary, care is required to assess the effects of mean defined, it is hoped that the use of parameters such as
stress in these fibre reinforced composites. AKapp and Kmax to characterise crack growth

rcsi•• e for specific tcstpiece geometrics has been
3.5. Effects of initial applied stress intensity range ilh .ed. Moreover, the beginning of a predictive

model to address crack arrest has been outlined. It
For a given depth of initial unbridged crack (notch) considers the failure of fibres to be controlled primarily
examples of the influence of AKapp on crack growth by the level of Kmax applied after they have been
resistance are shown in Figures 16 and 17. In both breached by matrix crack growth (a quantitative
systems, crack growth rates are similar initially for both description will require local crack opening
levels of AKapp, but then crack arrest is observed for the displacements under load and detailed numerical
lower applied stress intensity range only. Such micromodelling), and the extent of fibre failure
observations indicate the delicate balance than can determines the integrity of the composite.
sometimes exist between promoting crack arrest and
catastrophic failure in these composites( 4 ,17 ). This approach, in principle, can be applied to a wide

range of fibre architectures, crack sizes, shapes and
Recently. further systematic studies have considered geometries of testpiece (components). It avoids many ot
both effects of mean stress and initial applied stress the problems inherent to the modelling of actual crack
intensity range for a constant initial unbridged defect growth rates prior to iatastrophic failure, but further



15-5
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Number of Bridging Fibres Kmax (nominal) Type of Event
Remaining Intact (MPa'lm)

8 39 Catastrophic Failure
12 64 Catastrophic Failure
26 66 No Growth
21 80 No Growth
16 51 No Growth
7 64 Catastrophic Failure

Table 1. The importance of the number of bridging fibres intact in the crack wake on
stable/unstable crack growth transitions (Ti-6AI-4V/SCS6)(4.2 1).

250C 200 0C 350'C 5000C
R = 0.1 10.0 Hz Crack arrest 1 354700

R = 0.5 10.0 Hz Crack arrest 697800 323600 38400
201 900
167 200

2.0 Hz 12000
0.5 Hz 147000 16200

Table 2. Comparison of the numbers of cycles to specimen failure for tests conducted at different
temperatures, load ratios and frequencies for an initial AKapp - 16 MPan 1 /2

(Ti-15-3/SCS6)( 17).
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Stress initial AK initial Kmax Kmax after I st rnuw fibres Test Result
Ratio (MPa'/m) (MPa'Im) (MPa'm)
0.5 12.1 24.2 25.8 Crack Arrest
0.5 13.8 27.6 29.8 Catastrophic Failure

0.1 22.3 24.8 27.5 Crack Arrest
0.1 25.0 27.8 30.2 Catastrophic Failure

Table 3. Effects of mean stress; initial AKapp, Kmax; Km after the first row of fibres;
on crack growth resistance (Ti-6AI-4V/SM 1240)(6).

Material Kmax after first row of Test Result
fibres
(MPam 1/2)

Ti-6AI-4V/SCS6 22.5 Crack arrest
28.8 Catastrophic failure

Ti-1321S/SCSL 39.6 Crack arrest
40.6 Catastrophic failure
45.6 Catastrophic failure

Ti-15-3/SCS6 35.0 Crack arrest
42.2 Catastrophic failure

Ti-6AI-4V/SCS6 15.0 Crack arrest
(0/90 laminate) 19.8 Catastrophic failure

Table 4. Comparison of experimental observations of crack growth behaviour related to
Kmax after the first row of breached fibres( 16 ,2 5 ).

!4



_________i____ 300 Irn I-H

Figure I. Optical micrographs of sections through interrupted fatigue crack growth:

(a) Ti-6A-4V/SCS6; (b) Ti-15-3/SCS6.
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Figure 9. Effect of local fibre failure (arrowed) on crack growth resistance curves: da/dN versus AKapp, u=0.5Hz,
R=-0.1, Ti-6Al - 4V / SCS6 composite, ambient temperature.
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Figure 10. Effect of monotonic overloads on crack growth resistance curves: da/dN versus crack length. R=0.5,
u= 1OHz. Ti-15 - 3 / SCS6 composite, ambient temperature, solution treated condition.
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Figure 13. Crack growth resistance curves: da/dN versus crack length for initial AKapp 23MPa'qm, R='0.1, for
ambient temperature and 5500C. Ti-6AI - 4V / SCS6 composite.

10-4

g10"6 5

6
S10"7

108 [-o-201,900 cycles to failure 1!
- -- 167,200 cycles to failure 1

- •-323,600 cycles to failure

1.0 1.5 2.0

Crack Length (mam)

Figure 14. Variation in fatigue crack growth rates measured inl three different specimens tested under identical
conditions at 350*CR=0.5, D-i0Hz for an initial AKapp - 9.6 MPa,/m. Ti-15-3/SCS6 composite,
solution treated condition.

_ io-I l+Si i i i lI B bi



18-15

1 AP=67N, R=0.5, v=1|Ofz
+ AP=82N, R=O.1, v=O.511z 0

"•10"4
4) o

z

S10 +

0 +

to 
++4-

+ -+- ++- +++

V 10-6

+1I , , , , I + , , , "

20 30 40 50

Stress intensity range, AK (MPaN/m)
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Figure 17. Effect of initial AKapp on crack growth resistance curves: da/dN versus AKapp for R=0.1, u=0.5Hz.
Ti-6AI -4V / SCS6 composite, ambient temperature.
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1. SUMMARY accounted for in an analytical evaluation of
This paper presents an experimental and titanium metal matrix composites (TiMMC).
analytical evaluation of cross-plied laminates
of Ti-15V-3Cr-3A1-3Sn (Ti-15-3) matrix The objectives of this research are to (1)
reinforced with continuous silicon-carbide experimentally determine the stress-strain
fibers (SCS-6) subjected to a complex TMF response of a [0/9012s SCS-6/Ti-15-3
loading profile. Thermomechanical fatigue laminate due to the thermomechanical fatigue
test techniques were developed to conduct a (TMF) that will occur during hypersonic 4
simulation of a generic hypersonic flight flight profile testing and (2) verify an
profile. A micromechanical analysis was analytical method to predict the measured
used. The analysis predicts the stress-strain laminate stress-strain response, including
response of the laminate and of the fiber-matrix interface failure.
constituents in each ply during thermal and
mechanical cycling by using only constituent Mirdamadi, et al. [1], used an analysis to
properties as input. The fiber was modeled predict the stress-strain response of
as elastic with transverse orthotropic and unidirectional SCS-6/Ti-15-3 laminates
temperature-dependent properties. The subjected to simple in-phase and out-of-phase
matrix was modeled using a thermo- TMF loading. Good agreement between
viscoplastic constitutive relation. The fiber experiment and prediction was found. This
transverse modulus was reduced in the paper summarizes results for a more complex
analysis to simulate the fiber-matrix interface laminate, [0/90], with a more complicated
failures. Excellent correlation was found TMF loading hisiory [2].
between measured and predicted laminate
stress-strain response due to generic 3. MATERIAL AND TESTING
hypersonic flight profile when fiber PROCEDURE
debonding was modeled. A [0/9012s SCS-6/Ti-15-3 laminate with a

fiber volume fraction of 0.385 and a
thickness of 1.68-mm was used in the

2. INTRODUCTION present study. The SCS-6 fibers are
Titanium metal matrix composites, such as continuous silicon-carbide fibers having a
Ti-15V-3Cr-3AI-3Sn (Ti-15-3) reinforced 0.140-mm diameter. The composite
with continuous silicon-carbide fibers (SCS- laminates were made by hot-pressing Ti-15-3
6), are being evaluated for use in hypersonic foil between tapes of unidirectional SCS-6
vehicle structure where high strength-to- silicon-carbide fibers held in place with
weight and high stiffness-to-weight ratios are molybdenum wires. The Ti-15-3 matrix
critical. This material system has the material is a metastable beta titanium alloy.
potential for applications up to 650 0C. Long exposures at elevated temperatures can
However, at temperatures above 400 0C, lead to the precipitation of an (t-phase which
titanium exhibits significant viscoplastic may alter the macroscopic mechanical
behavior. Since the operating temperatures behavior of the Ti-15-3 [3]. Therefore, the
of hypersonic vehicles airframe structure matrix and the conmposite in the present study
surface are well above 400()C, the was heat treated at 650()C for one hour in air
viscoplastic behavior of the titanium must be followed by an air quench to stabilize the

matrix material. This heat treatment was the

'reflnted (it an A(GARD! Meeting on '(haracterisation ol'Fibre Reinforced Titanium Mlatrix ( omipowtce '. E''l'cr ItQm 3
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same heat treatment used by Pollock and generator controlled by a temperature
Johnson [4]. After the heat treatment, the profiler, and a nitrogen supply tank. The
viscoplastic material properties of the Ti-15- load and temperature spectra are
3 matrix at room temperature, 31611C, independently controlled by load and a
4820C, 5660C, and 650 0 C were determined temprature profilers. The temperature
previously [1]; additional properties were profiler was modified to accept a command
also determined at 4270C [2]. It was signal from the load profiler to initiate
assumed that the matrix properties remained temperature spectrum at any desired point in
the same from room temperature to 150 0 C the load profile. More details on the TMF
and that the fibers remained elastic with test setup are given in [2]. Axial strains
temperature-dependent properties [2]. were measured on the edge of the specimen

using a high temperature water-cooled quartz
TMF spectrum testing was conducted on rod extensometer with a 25-mm gage
straight-sided rectangular specimens, 152- length. An eight channel analog/digital PC
mm x 12.7-mm x 1.68-mm, cut using a based data acquisition system was used to
diamond wheel saw. Brass tabs (10-mm x record and store the test data. Prior to the
30-mm x 1-mm) were placed between the flight profile test, the specimen was
end of the specimen and the grips to avoid subjected to the temperature profile alone to
specimen failure in the serrated grips. The ensure thermal stability and synchronization
brass tabs were not bonded to the specimens with the load profiler command.
but were held in place by the grips.

A TMF test capability was developed to 4. ANALYTICAL METHOD

conduct hypersonic flight profiles. The The stress-strain response of the [0/90]2)
temperature and the load spectrum of a laminate was predicted using a
generic hypersonic mission flight profile are micromechanics analysis. The VISCOPLY
shown in Figure 1. The letters shown in code, developed by Bahei-El-Din, is based
Figure 1 will be used later for comparison on constituent properties. The program uses
with stress-strain results. As shown in the the vanishing fiber diameter (VFD) model
figure, the flight profile consists of both [51 to calculate the orthotropic properties of
isothermal and non- isothermal load cycling a ply. The ply properties are then used in a
at 1 Hz with hold times at different laminated plate analysis [6] to predict the
temperatures. The thermal loading rates overall laminate stress-strain response. Both
during heating and cooling were 2.8°C/sec the fiber and the matrix can be described as
and 1.4°C/sec, respectively. thermo-viscoplastic materials. The

viscoplastic theory used in the VISCOPLY
program was developed by Bahei-EI-Din [7]
for high temperature, nonisothermal

0pLod applications and is based on the
Temp viscoplasticity theory of Eisenberg and Yen

o 80 [8]. The theory used in the VISCOPLY

(D 400 R;'.. . ' - program assumes the existence of an
Z .; equilibrium stress-strain curve which

Fcorresponds to the theoretical lower bound of
--J the dynamic response. The theory further

E 'assumes that the elastic response is rate-
SG i-idependent and that inelacti(" ratc &," tndvr

"0 A K 0 deformation takes place if the current stress
state is greater than the equilibrium stress.

0 400 800 1200 A more detailed description of the theory can
Ti iec) be found in Reference 2.

Figure I. Generic h~pcrsonic flight profile.
Combinations of thermal and mechanical
loads can be modeled. Sequential jobs can
be run for varying order and rate of load and

The TMF test setup consisted of a 100-kN temperature. Fiber and matrix average
servo-hydraulic test frame with water-cooled stresses and strains and the overall composite
grips, a load profiler, a 5-kW induction response under thermomechanical loading



conditions are calculated. Although not used response of the SCS-6/Ti-15-3 10/901
in the current work, the program has the laminate at 4270C (stress rate of S = Nd
capability to model the fiber as a viscoplastic MPa/s) is shown in Figure 2. The
material with transverse orthotropic VISCOPLY correlations are shown for
properties. various ratios of the fiber transverse modulus

to the fiber axial modulus (Ef //Ef) in the
A simple procedure was used to analytically 900 ply ranging from l.d toa 0.001.
simulate the fiber-matrix interface failure Multiplying the 90& fiber transverse modulus
known to occur in the SCS-6/Ti-15-3 by a factor of 0.1 produced very good
material. In room temperature fatigue tests correlations at 4270C. The room
[91, a distinct knee was observed in the temperature correlations for Ef / Et =0. 1
stress-strain response at stress levels well were also fairly good [2]. Thtreftre, a
below the yield stress of the matrix material. multiplication factor of 0.1 was used to
In the first cycle, this knee was found to model fiber-matrix interface failure at all
correspond to the stress required to temperatures. This reduction factor may be
overcome the thermal residual stresses and dependent on, fiber volume fraction,
fail the fiber-matrix interface in the off-axis processing parameters, fiber-matrix interface
plies. In subsequent fatigue cycles, the knee strength, and fiber and matrix properties.
was observed at a lower stress level, the
stress required to overcome the thermal
residual stresses in the matrix. To simulate 800
the fiber-matrix interfacial failure, the f
transverse modulus of the fibers in the 90,W 900 El = 1 0 0 1 0 01 0 001
plies was reduced for c!ress levels above the - 600/
stress level correspond'ng to the observed Q_
knee in the stress-strain response of the " 0 Experimental
[0/9012s laminate at room temperature. In 400 - VISCOPLY

elevated temperature fatigue tests, however, 1[090]2, scs-6frh-15-3
no knee was apparent in the stress-strain 0 200 T = 427°C
response [41 and it was assumed that fiber-S = 1250 MPa/s
matrix interfacial failure occurred upon
loading. Thus, the fiber transverse modulus 0
in the 90'Y plies was reduced at the start of 0.000 0.002 0.004 0.006 0,008
loading for temperatures above 400()C. Strain (mm/mm)

Figure 2 Effect of reducing 9(10 fibcr transcrsc
5. RESULTS AND DISCUSSION modulus on VISCOPLY predictions
In this section, the experimental and
analytical results are presented. The
isothermal stress-strain response of the Next, the effect of loading rate on the
[0/90 12s laminates is analyzed to assess the predictions was examined. Figure 3 shows
effects of fiber-matrix separation and loading the composite experimental stress-strain
rates. The experimental results and the response during the second cycle (i.e.,
theoretical predictions for the flight profile subsequent to the fiber-matrix interface
are presented. failure of the 90'1 plies) at a stress rate of 10

MPa/sec at 650()C [4]. Included in the
5.1 Isothermal Laminate Behavior figure are the VISCOPLY predictions with
First, the appropriate reduction of the fib r-itiatrix intcrf, ce failure of the 90" plies
transverse modulus of the fibers in the 90() (Et /El =0.1). The VISCOPLY prediction
plies to simulate the fiber-matrix interface at a rate of 900 MPa/sec is also shown. The
failure was determined. At room 900 MPa/sec rate corresponds to the loading
temperature the fiber-matrix interface failure rate used in the hypersonic flight profile. As
occurred at a stress level of 70 MPa seen in the figure VISCOPLY accurately
determined from the knee in the predicted the initial elastic modulus but was
experimental stress-strain curve 12]. At somewhat less accurate at higher stress
4270C, it was assumed that the fiber-matrix levels. The predicted maximum strain was
interface failed instantly upon loading. The 7% smaller than observed experimentally.
experimental and predicted stress-strain The VISCOPLY prediction at the rate of 900
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MPa/sec resulted in a nearly linear stress-
atrain response. These comparisons [0/90] scs6IT-15-J
demonstrate the effect of the matrix rate-

dependent behavior on composite stress- 0.004 0 o Experimental
strain response.

600 0.002
10/90],s SCS/-6ri-15-3 •

T =650"C 0400 -- , 0°

" s (MPa/s) 0.000

10 0 500 1000 1500
9 200 900 Time (sec)

0 Expe L Figure 4. Predicted and experimental thermal

1 -- -strains as a function of time

0.000 0.002 0.004 0.006
Strain (mm/mm) The specimen was then subjected to the full

Figure 3 Prediction of stress-strain response thermal and mechanical flight profile shown
of compositeat650"C in Figure 1 at 100% stress equal to 420

MPa. The stress-strain response of the fifth

repetition of the flight profile is shown in
Figure 5. The letters placed at various

5.2 Flight Profile Behavior locations on the stress-strain response can be
In this section, the stress-strain response of referenced back to Figure 1 to find the
the laminate subjected to the flight profile associated point in the flight profile. The
shown in Figure 1 will be analyzed and horizontal portions of the predictions and the
compared to experimental results. experimental data indicate an increase in
Predictions will be made assuming perfect strain due solely to temperature changes
bonding of the fiber-matrix interface in the while the mechanical loads were held
900 plies and assuming failure of the 901 constant. The VISCOPLY predictions
fiber-matrix interfaces. For clarity, during assumed perfect fiber-matrix interface
the rapid cycling segments of the flight bonding. As seen in Figure 5, VISCOPLY
profile (e.g., segments B, F, I and J in predicted a stiffer response than was
Figure 1). only the first loading and last observed experimentally. The predictions of
unloading cycle will be shown in the figures. the cyclic loads shown at locations F and I

One test was conducted applying only the
thermal history of the flight profile shown in Experimental (5th Flight)
Figure 1. The measured thermal strains and VISCOPLY (Perfect Bonding)
the VISCOPLY predictions are shown in 400 D
Figure 4. The measured thermal strains 0 0/9012SCS'6/Ti-15-3
match the applied temperature profile [. 2 5s

previously shown in Figure I indicating 0. Sa 40 M PaV'
excellent control of the heating and cooling
rates. The thermal strain of the laminate was 0 200 F
accurately predicted by VISCOPLY. W A/ E

0 K JI G

0.000 0,002 0004 0,006
Toial Strain (mm/mm)

Figure' VISCOPLY prediction of composite

response to the flight profile



appear broad because the temperature was conditions, the 0) fiber strain is equivalent to
changing. The experimental and predicted the overall composite axial strain. However,
creep strain during hold period at H was under non-isothermal loading conditions,
very small. Predictions of the composite where the load and the temperature are
response under the flight profile made with cycled, determination of the 0( fiber stress is
simulated interface failure of the 900 plies not straight forward and micromechanics-
are .shown in Figure 6. The prediction based models are required to prediVt the 011
agreed ,,,l with the experimental behavior fiber stress. Figure 7 shows the VISCOPLY
when the inte-iace failure was modeled as predictions of the 00 fiber stress as a function
previously discussed. of time during the flight profile. This l

prediction was made assuming fiber-matrix

Experimental (5th Flight) interface failure in the 900 plies. Such
-VISCOPLY (90Eth/E=l0h1) predictions are important when analyzing the

400 - fatigue behavior of the composite and could
, [ff90]2s scs-6/Ti-15-3/ be used in a failure criteria.

"L

S200 1000 [(0/9012, SCS-6/Ti-15-3

Sa =420 MPa

500 -
0-
0.000 0002 0.004 0.006

Total Strain (mm/mm) n 0U_. 900 E, Ef/E 0 1

Figure 6 VISCOPLY prediction of comnposite

response to the flight profile -500
0 400 800 1200

If the fatigue behavior of the laminate is to Time (sec)
be well understood and prediction Figure 7 VISCOPLY prediction of 0"' fiber
methodology developed, the behavior of the stress under flight profile
composite constituents must be understood.
P;ý,-ious work by Johnson, et al. 191 showed 4
good correlation between the stress range in 6. CONCLUSIONS
the 0" fiber and the number of cycles to A TMF test capability was developed to
failure of the laminate at room temperature. simulate a generic hypersonic flight profile.
More recently, Mirdamadi, et al. [1] used The VISCOPLY analysis was used to predict
the 0) fiber stress range calculated from a the stress-strain response of the [0/901,,
micromechanics analysis to compare the SCS-6/Ti-15-3 laminate subjected to the
TMF data of Castelli, et al. [101, Gabb, et flight profile loading. The following
al. [111, and the isothermal fatigue data of conclusions were made:
Pollock and Johnson [41. They determined
that for a given condition, the fatigue o In this material system, fiber-matrix
strength of the 00Y fiber was controlled by a interface failure must be modeled for
combination of temperature, loading accurate predictions. Fiber-matrix interface
frequency, and time at temperature. failure was modeled in VISCOPLY program
Furthermore, for a given temperature, by multiplying the 900 fiber transverse
loading frequency, and time at temperature, modulus by a factor of 0. 1.
the stress range in the 0Y' fiber controlled the
fatigue life. Bigelow and Johnson [12] and o The mechanical response of these
Bakuckas, Johnson, and Bigelow [131 composites is rate-dependent at elevated
accurately predicted the static strength of temperatures. The VISCOPLY analysis can
virgin specimens and fatigued specimens by predict such dependence.
monitoring the 0' fiber stress. Therefore,
the 00 fiber stress (or strain) plays a major o VISCOPLY accurately predicted the
role in the static and fatigue strength of composite stress-strain response for a
TiMMC. Under isothermal loading complex TMF loading profile.
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PRE-STANDARDISATION WORK ON FATIGUE AND
FRACTURE TESTING OF TITANIUM MATRIX COMPOSITES
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SUMMARY properties of titanium matrix composites (chosen as
representative of fibre reinforced metals). This is

This paper presents work on development of test thus intended as an interim statement which also
techniques for S-N fa~igue, fatigue crack growth presents current and future trends in the work
and fracture toughness of titanium matrix programme.
,omposites. Work has concentrated on 8 ply
unidirectional Ti-6-4/SM1240 from BP Metal 2. CHARACTERISATION OF MATERIAL
Composites with some preliminary work on 8-ply UNIFORMITY
unidirectional Ti-6-4/SCS-6 from Textron Speciality
Materials. For S-N fatigue testing, an approach, Work in this programme has primarily used an 8-
used successfully for the Textron material, ply unidirectional Ti-6-4,SM1240 composite from
consistently gave failures in the tab region for BP BP Metal Composite produced in 1992 (six plates,
material. each about 300mm x 3n0 mm). Two cross ply plates

(300mm x 3COmm) have also been examined.
"I ransverse fracture toughness of Ti/SiC sheets has Some early work used a Textron Ti-6-4/SCS-6 8-
been determined using a double cantilever beam ply unidirectional composite produced in the mid
test. Care has to be taken to restrain specimen 1980's (3 plates, each about 300mm x 300min).
twisting. For two BP materials, the transverse Material uniformity has been assessed by X-
fracture toughness correlates with the static strength radiogiaphy, ultrasonic C scanning, ultrasonic point
values, determination of velocity and attenuation.

metallography and matrix hardness testing.
I. INTRODUCTION

X-radiography apparently gives resolotion of
Fibre reinforced metals are currently being individual Textron fibres (though this may be
considered in the UK for aero-engine, airframe and apparent rather than real, ,as 8-plys are being
defence applications. Materials of interest are examined simultaneously). For the BP material.
monofilament reinforced titanium and multifilament individual fibres are more difficult to resol ,e
reinforced aluminium. In order to encourage (despite their W cores) though a fibrous texture is
designers to consider the use of metal composites, evident on the radiographs. This indicates a
the UK Department of Trad and Industry has possible slight misalignment of the fibre layers in
funded programmes of pre-stanf! rdisation work for the material. One area of fibre drift at the edge of
mechanical properties of metal matrix composites. a BP cross-ply plate was easily detectable.
The current three year programme is being jointly
undertaken by the National Physical Laboratory, Ultrasonic C scanningv is sensitive to surface
Teddington and AEA Technology, Harwell and flatness, and hence slight ridging around groups of
covers static, dynarmic and fracture related Textron Fibres leads to strong contrast (Figure
propertiesofparticulate and fibre reinforced i etals. I(a)). For unidirectional and cross-ply BP platcs,

the contrast is v Wonrm across the pl~ites (Figures
* or each material class a three stage approach is I(b), I(c) - each grey level corresponds to 2dB
being taken to test method development. Initial test attenuation).
development is being undertaken tri a single,
commercially available material chosen to exhibit Ultrasonic determination of longitudinal and shear
high material homogeneity. Robustness of selected wave velocities (polarised along two plate axes) and
test techniques is then being assessed using a range attenuation have been made at 14-18 points on each
of other MMCs and finally the correlation between plate. For the BP plates and one Textron plate. the
test data and component design will be considered. longitudinal velocities are shown in Figure 2(a) and

the shear velocities in Figure 2(b). The longitudinal
This paper presents initial results of the pre- velocities of the BP plates reflect their slightly
standardisation work on fatigue and fracture lower volume fraction of SiC compared with the

Presented at an A(;ARD Meeting on ('haracterisation of Fibre Reinforced Titanium Alatix ( ompm•tev Septembier PJ3.
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Textron material. Five of the unidirectional corroborated by the better fibre distribution
(UD)BP plates have similar mean velocities. One for the BP material - Figure 3) and hence
UD plate and the two cross ply plates have a the stress concentration at the tabs may be
slightly higher velocitN. The shear velocities follow more significant compared with the
similar trends to the longitudinal velocities. For the variation in material properties again
Textron material the two shear wave velocities art: tending to favour failure at the end tab,
distinct, whilst for all the BP plates they are not, rather than in the gauge length.
a', in, possibly reflecting a lower SiC content than
for the Textron plate. Three studie- are currently in progress to seek to

address these issues:

Typical micrographs for the BP and Textron

materials are in Figure 3 The more recent BP A finite element study to predict the stress
material shows a very good fibre distribution and concentrations at the end of adhesively
material integrity with little or no fibre touching or bonded end tabs for tile two materials.
lack of matrix bonding between fibres, features
which are evident in the Textron mat.rial. An experimental study using laser moirý

interferometry to seek to quantify the
Matrix hardness in the BP and Textron materials is stress concentrations in the end tab region
similar iFigure 4). and in the profile region for profiled

specimens.
3. FATIGUE TESTS

3 An experimental study to assess the
Applications being considered for fibre reinforced validity of profiled specimens (using
metals frequently require resistance to cyclic, profiles from ASTM D 3552 and from
mechanical and thermal loads. The thermal Rolls Royce plc).
performance of composite components is to be
included in a new programme in the UK and hence 4. FRACTURE TESTS
the current programme is concentrating on property
determination at ambient temperatures. For some service applications, designers wish to

assess the integrity of fibre reinforced metals in the
Initial work was undertaken on the Textron material presence of crack life defects. These may be
and used a parallel sided specimen of 150mm x present between fibre layers or transverse to the
10mm with a 100mm gauge length. Profiled steel fibre direction. Such cracks may appear under
end tabs were adhesively bonded to the specimen. cyclic loading and may lead to fracture of the
Specimens were tested at 5Hz and a stress ratio. R. component under static loads.
(minimum load/maximum load) of 0. For both
static and dynamic tests, failures were generally in Tests for interlaminar fracture toughness of polymer
the gauge length (Figure 5), and are hence composites are being developed where specimens
considered to be valid for use in design ie. the test are produced with an artificial delamination to act
technique did not bias the test result. as a crack starter. For fibre reinforced metals, an

analogous technique may be very difficult. A
When an identical technique was used for BP Ti-6- simpler approach for unidirectional materials is to
4/SM1240, failures were systematically found at the use a double cantilever beam specimen with a
end of the tabs even for static tests. This was through thickness starter notch to assess material
found to be the case for a number of end tab toughness parallel to the fibre direction. To date
materials and in studies at two laboratories. This is specimens have been used with overall dimensions
thought to be due to one of t~ko causes: of 130 x 30 x t mm (where t is the plate thickness)

with an initial notch depth of 30mm. The thinner
The BP material is thinner (I.3mm specimens, in particular, need to be restrained from
compared with I.8mm for the Textron twisting during loading. Crack growth has been
material) and hence the stress observed using a travelling microscope and
concentration at the end of the tabs may be specimen compliance measured as a function of
greater leading to an increased probability crack length to give fracture surface energy vs
of failure at the end tabs, rather than in the crack length. This has been determined for a
gauge length. Textron material and two BP materials (one known

to have low strength (this was provided as an
The BP material may be more uniform experimental material and not a production
than the Textron material (this is material)).
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Results for the three materials are in Figure 7. ACKNOWLEDGEMENTS

The effect of anti-twist guides is shown in Figure This work is funded by the UK Department of
7(a). Twisting of the cantilever beams can lead to Trade and Industry as part of its Measurement,
additional deflection and w, apparently low Technology and Standards programme. Helpful
compliance (and hence toughness). This effect discussions are acknowledged with colleagues at the
increases with crack length. An initial anti twist National Physical Laboratories and in UK industry.
guide is a small piece of steel plate with a
machined slot - 40mm long x 2mm wide. This
slotted steel guide is slid over the specimen to rest
close to the loading line. Further optimisation of
this arrangement is required.

The BP and Textron materials are compared in
Figure 7(b). The Textron material was not
restrained from twisting, though this may be less of
an issue than for the BP material because of its
greater thickness. The Textron material shows an
initial drop in toughness, perhaps due to the
influence of the notch (a chevron notch was used
fcr the BP materials to ease crack initiation). Both
materials then show an increase in transverse
toughness with crack length, possibly due to crack
bridging by fibres eg. Figure 8.

Two strength levels of BP material are compared in
Figure 7(c). The low strength of one panel is
attributed to greater shear strength of the
fibre/coating/matrix system and hence less ability to
decouple the fibre from the matrix in the presence
of cracks. This would correlate with increased
transverse toughness for the low strength material,
which is, indeed, observed.

Work on fracture tests is continuing to develop a
specimen with a matrix crack bridged by SiC fibres,
for both static and fatigue crack growth assessment.

5. CONCLUDING REMARKS

I. Ti-6-4/SM 1240 from BP Metal Composites
has been demonstrated to have high
uniformity by non-destructive testing and
metallography.

2. A, S-N fatigue test technique which gives
gauge length failures for a Textron Ti-6-
4iSCS-6 unidirectional 8-ply material,
systematically gives tab end failures for a
BP Ti-6-4/SM1240 unidirectional 8-ply
material.

3. A double cantilever beam technique can
provide through thickness failure energies
for unidirectional fibre reinforced metals,
though beam twisting needs to be
restrained for thin materials.
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Figure 2. Ultrasonic velocities for BP plates and I Textron plate
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Figure 4. Matrix hardness in the BP and Textron materials.
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Figure 5. S-N curve for Textron Ti-6-4/SCS-6
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Figure 6. Double cantilever beam specimen
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a BP Ti-6-4/SM 1240
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Figure 7. Fracture surface energy vs crack length for Ti/SiC materials.

(a) Effect of anti-twist guides
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Figure 7. Fracture surface energy vs crack length for Ti/SiC materials.

(a) Effect of anti-twist guides
(b) Comparison of BP and Textron materials
(c) Comparison of low strength and standard strength BP materials
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ASTM and VAMAS Activities in Titanium Matrix Composites
Test Methods Development

W. S. Johnson
NASA Langley Research Center
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D. M. Harmon P. A. Bartolotta S. NI. Russ
McDonnell Aircraft Company NASA Lewis Research Center USAF Wright Laboratories
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1. INTRODUCTION testing. This work was conducted in the
Titanium matrix composites (TMC's) are ASTM Subcommittee D30.07 on Metal
being considered for a number of aerospace Matrix Composites chaired by Steve Johnson
applications ranging from high performance and vice-chaired by Dave Harmon. The
engine components to airframe structures in static portion of this test program was
areas that require high stiffness to weight conducted by Task Group D30.07.01 on
ratios at temperatures up to 400'C. TMC's Tensile Testing chaired by Paul Bartolotta.
exhibit unique mechanical behavior due to The fatigue portion of this work was
fiber-matrix interface failures, matrix cracks conducted by the Task Group D30.07.02 on
bridged by fibers, thermo-viscoplastic Fatigue Testing chaired by Steve Russ.
behavior of the matrix at elevated
temperatures, and the development of Currently, the expense associated with the
significant thermal residual stresses in the fabrication of these materials prohibits
composite due to fabrication, standard testing extensive testing at one location. Therefore, 4
methodology must be developed to reflect to properly characterize the material behavior
the uniqueness of this type of material it is necessary to rely on data produced by
systems. othui researchers and available in the open

literature. There are many research
The purpose of this paper is to review the programs sponsored by the government and
current activities in ASTM and VAMAS that industry to study and understand these
are directed toward the development of materials. Comparison of data from various
standard test methodology for titanium sources is difficult without formal testing
matrix composites. guidelines. Specific factors addressed in this

study were lab-to-lab variability and
2. ASTM ACTIVITY specimen design (straight sided (SS) vs. dog
A metal matrix composite (MMC) round bone (DB)).
robin test program was conducted with the
objective of defining proper test procedures The test program was conducted on SCS-
for unnotched static tension and fatigue 6/TiMetal 21S with three laminate lay-ups:

Pre.,'nted at an ,4(,'A RI) Meeting on ' haracterisation of Fibre Reinforced Titanium latrix ( Cmzpoteim Septcmher INO3
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[013, [0/90/0], and [0/± 4 5/90cIs. Static and applicable ASTM standards. Some of the
fatigue tests were conducted at room applicable test standards include:
temperature (RT) and 480°C (900'F) (Table
1). Since material was limited, only six test 1) ASTM E 21-79, Standard Recommended
laboratories were able to participate in the Practice for Elevated Temperature Tension
testing. Labs were chosen based on past Tests of Metallic Materials,
MMC testing experience. The six labs were
GE Aircraft Engines, McDonnell Douglas, 2) ASTM E 466-82, Standard Practice for 4
University of Virginia, NASA-Lewis Conducting Constant Amplitude Axial
Research Center, Rockwell International, Fatigue Tests of Metallic Materials,
and Wright Laboratories.

3) ASTM D 3039-76, Standard Test Method
2.1 Material and Fabrication for Tensile Properties of Fiber-Resin
The TiMetal 21S matrix material was Composites, and

donated to ASTM through the NASP
Materials and Structures Augmentation 4) ASTM D 3479-76, Standard Test Methods
Program sponsored by Wright Laboratories. for Tension-Tension Fatigue of Oriented
All of the MMC was consolidated by Fiber, Resin Matrix Composites.
Textron Specialty Materials using procedures
and tooling developed under NASP by The following experimental techniques were
McDonnell Douglas and Textron. In used in this round robin:
addition to the MMC panels, Textron also
provided two neat matrix panels. Strain Measurement - Extensometry and

strain gages were used for all room

Panel C-scans did not show any major temperature tests for comparison purposes.
delaminations or voids. All six panels were All elevated temperature tests used
sent to McDonnell Douglas for specimen extensometry.
fabrication. All specimens were machined
using a high speed abrasive water jet cutter, Ih'atingA Method - TFhe heating method was

left to the discretion of the test lab. All
The composites were tested in the as- methods chosen were required to be capable
fabricated condition. The specimens were of heating the specimen to 480" C (900At-) at
not thermally aged prior to testing. a rate between 3°C/second (5' F/second) and

11 lC/second (20°F/second). All elevated
Both straight edge and dog bone specimens temperature test specimens were to be held at
were fabricated using the drawings shown in temperature for 20 minutes prior to applying
Figures 1 and 2. The specimen load. During the test the temperature must
configurations had a gage section width of 10 not vary more than 3CC (5c'F). These
mm (0.39 in) for unidirectional and 00/90' guidelines were obtained from ASTNI E 21.
lay-ups and 15 mm (0.591 in) for the
[0/+ 45/90 c]s lay-tIp. The radius of Temperature Measure•'ent - Thcrmocouples
curvature for the dog bone specimen was 386 were affixed to the specimen using
mm (14.5 in). procedures which did not damage the surface

of the composite coupon. The exact
2.2 Test Procedures procedure was left to the discretion of the
A set of test instructions were provided to individual labs. For example, in lieu of
each test lab. These instructions were based welding a thermocouple directly to the test
on past industry test experience, and coupon, the thermocouple may be tack
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welded to a strip of nichrome ribbon and geometry. In general, for all three lay-ups,
then wrapped around the test coupon. E, and Ef sample means were similar for

both specimen geometries with the greatest
Static Tension Strain Rate - 0.010+.002 discrepancies being associated with the
/min. 480°C Err for the [0/90/0] lay-up and

480*C Ef for the [0/+ 4 5/90c]s lay-up. As
Fatigue Tests - Load controlled sinusoidal for the UTS values, larger differences
waveform, Stress Ratio R = 0.1, Cycle between population means and larger
Frequency = 1 Hz, Stress level were standard deviations (more scatter) were 4
provided and were estimated to result in a observed for each case. However, through
life between 10,000 and 100,000 cycles. subsequent statistical analysis (via several.

Student's t tests), there was enough statistical
Room temperature modulus was measured evidence to support the fact that both
for all static tension specimens prior to geometries have identical population means 4
testing. 0.05% strain (500 niicro-inch/inch) for all of their tensile properties. Therefore,
was not to be exceeded when making this for this study, specimen geometry did not
measurement. affect the tensile properties.

Room temperature modulus was measured The only attribute that specimen geometry 4
for all fatigue specimens prior to testing. played a role in was fracture location. For
20% of fatigue stress level was not to be the DB specimens, failures typically occurred
exceeded when making this measurement. at or near the start of the radius (from the
Failure was defined as complete specimen specimen's test section). Failure locations
fracture. for the SS specimens appeared to be 4

scattered throughout the specimen length
2.3 Tensile Test Results with 15% of the specimens failing at or near
For each lay-up, the participants were given their gripping location. Temperature
two dog bone and two straight sided influenced the failure locations with the
specimens to be tensile tested at temperatures majority of fractures occurring within the 4
of 20' and 480'C. This provided the study test sections for the 480'C tests. As for the
with sample sizes of six specimens for every 20'C test, the SS specimens had the most
test condition. The round robin's success failure location scatter while the DB
ratio was quite high since, out of a possible specimens failed near or within the test
total of 72 tensile tests, only one [0/90/0] section. 4
DB specimen test at 20'C was questionable
and was left out of subsequent analysis. Typically, fracture locations did not
Several statistical analytical techniques were influence tensile properties. Figures 3 and 4
used to see if tensile properties were illustrates this point by presenting UTS of
influenced by specimen geometry or 1013 and Ef of [0/90/0] data with respect to
laboratory test techniques. fracture location. In these figures solid

symbols denote 480'C data and open
Tensile properties are presented in Tables 2- symbols indicate 20°C data. The dotted
4 for [013, [0/90/0], and [0/+ 4 5/90c]s lay- vertical line represents the beginning of the
ups respectively. In these tables, the 25.4 cm test section. From these figures, it
composite's modulus at test temperature is sihuwi that regardless of fra.aure location
(Err), ultimate tensile strength (UTS), and tensile properties such as UTS can range
strain at failure (Ef) are presented with between + 100-150 MPa and for Ef between
respect to temperature and specimen + 0.25% from their respective means.

II
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2.4 Fatigue Test Results
Lab-to-lab variability was investigated by Unnotched fatigue results from six
conducting several analysis of variance participating laboratories were analyzed to
(ANOVA) studies. In these studies, the determine the statistical significance of
means of each laboratory's tensile results specimen geometry, lab-to-lab variability,
were compared regardless of specimen and interactions including composite lay-up.
geometry since it was shown that specimen Two specimen designs were evaluated, dog
geometry did not affect tensile properties. bone versus straight sided, for three lay-ups
For each property, ANOVA tables were at two temperatures, Table 5. Each
constructed to test the null hypothesis (each laboratory conducting 12 tests per
laboratory had the same average value for temperature. Stress levels were
the tensile property in question) against an predetermined with a goal of achieving
alternative hypothesis (at least two laboratory fatigue lives ranging between 10,000 and
had averages that were significantly 100,000 cycles. All tests were conducted
different). Results from these ANOVA under load-control with a sine wave, a
studies show that there were only three cases frequency of 1 Hz, and a stress ratio of 0. 1.
where there is enough statistical evidence to
support that at least two laboratories have One of the six laboratories only participated
different tensile property averages. These in the 480'C testing, therefore, a separate
cases were as follows; i) Ef at 20°C for the analysis was conducted for each temperature.
[013, ii) UTS at 20'C for the [0/90/0], and An analysis of variance is reported for the
iii) UTS at 20'C for the [0/+45/90cls. log of cycles-to-failure, log(N), normalized
Note, the 480'C tensile properties for all of to account for the variance between the
the laboratories had statistically similar averages of the three lay-ups. Normalizing
averages. was performed at each tcmperature by

multiplying log(N) by the ratio of total
Figures 5-7 graphically illustrates the lack of average of all the tests of all 3 lay-ups to the
lab-to-lab variability in the tensile results. average of all tests for the specific lay-up.
The histographs were constructed by Figures 8 and 9 are histograms of the
normalizing all of the tensile properties, normalized data at room temperature and
UTS, Err, and Ef, with respect to their 480'C, respectively, demonstrating that ,
individual means (by doing this all of the normal distribution was obtained for log(N)
properties can be plotted on the same graph). at both temperatures.
Therefore, a normalized value of 1 on these
figures represent a perfect correlation with 2.4.1 Room Temperature Analysis
the mean of a property. The symbols "1-6" Only five laboratories participated in the RT
represerts the laboratories' identification (approx. 20°C) fatigue testing, and a total of
number. The only defl-;,- trend observed in 60 tests were performed. A three-factor
these figure- 1nit .s,• ),, laboratory 6's analysis of variance was conducted on

tensile dat,. atlv " vay from their I, (N). The three factors were (A)
respective aVL. Ao ,,,is suggests that laooratory, (B) specimen geometry, and (C)
laboratory 6's test methods might differ lay-up. From the ANOVA table, Table 6,
enough from the other five laboratories to only factor A was found to be statistically
affect their tensile properties. However, the significant below the 5% level, with a P
data appears to follow a normal distribution value of 0.007. This is interpreted as the
and perhaps laboratory 6's data spread is just following: if the null hypothesis is true (i.e.,
an intrinsic occurrence. there is no difference between the five labs),

the observed variance would occur only
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0.7% of the time due to randomness. Figure significant difference. However, the analysis
10 compares the results depicting the mean, of variance, taking into account the effects of
± 1 standard deviation, and the range the other factors and interactions, suggests
(minimum and maximum) for all five labs. the differences noted between the means is
Labs 2 and 5 have slightly higher averages real.
than 1, 3, and A Although the scatter is
fairly large for each lao, -'rid visually it is The data comparing the averages for the two
difficult to discern a significant difference, specimen designs is presented in Figures 14
the analysis of variance , taking into account and 15. For the elevated temperature tests a
the effects of the other factors and significant difference is noted with dog bone
ioteractions, suggests the differences noted specimens having longer lives for all three
icetween -the means is real, and not due lay-ups over the straight sided specimens,
merely to random scatter. Figure 15. It is observed that the difference

is considerably larger for the lay-ups
According to the ANOVA table, the factor containing off-axis plies.
of specimen design is not significant (P value
of 0.875). This was further supported by 3. VAMAS ACTIVITY
comparing the means visually. Figure 11 In October 1992 The Versailles Project on
shows the collective data for both the dog Advanced Materials and Standards
bone and straight sided geometries with the (VAMAS) Steering Committee approved the
means being nearly identical. Figure 12 proposed test activities and created Technical
displays a comparison of averages for each Work Area (TWA) 15 on Metal Matrix
lay-up. Small differences were observed for Composites. Steve Johnson of NASA
each lay-up, however, there was no Langley Research Center (USA) serves as
consistency as to which design results in the Chairman while Neil McCartney of the
longer lives, firther suggesting a lack of a National Physical Laboratory (UK) ser, - , s
significant difference based on specimen Vice-chairman. This activity emphasizes
geometry at RT. collaboration on pre-standards measurement

research, intercon-parison of test results, and
2.4.2 480°CAnalysis consolidation of existing views on priorities
All six laboratories participated in the 480'C for standardization action. To date
fatigue testing, and results from 71 tests are representatives from the following countries
reported (one test prematurely failed as a have expressed a desire to participate in
result of a power outage). Similar to the RT TWA 15: USA, UK, Germany, France,
fatigue, a three-factor analysis of variance Spain. and Japan.
was conducted on log(N). The three factors
were (A) laboratory, (B) specimen geometry, The initial focus of TWA-15 activities has
and (C) lay-up. From the ANOVA table, been to conduct static and fatigue round
Table 7, both factors A and B are observed robin testing on both whisker and particulate
to be statistically significant below the 0.5% awminum matrix composites at room and
level. elevated temperatures. Tl- U. S. Air

Forces' Title III program is providing the
The data for each lab are displayed in Figure test materials. The National Research
13 and illustrate that lab 6 has the highest Institute for Metals (Japan) and NPL (UK)
average, lab 3 has the lowest, and the other 4 will machine the specimens.
labs are very comparable. Similar to the RT
data, the scatter is fairly large for each lab, TWA 15 members have expressed an interest
and visually it is difficult to determine a in working the TMC systems. To date our
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efforts have been directed toward finding The results of this test program indicate the
free or affordable TMC's to test. We intend following:
to closely coordinate future ASTM and
VAMAS activities in the TMC area. The 1) Either dog bone or straight sided
next VAMAS TWA 15 meeting will be specimens are adequate for tensile testing on
March 21, 1994, at Hilton Head Island, unidirectional, crossplied, and other lay-ups
South Carolina, USA, in conjunction with and should not produce significant
the ASTM symposium entitled Life differences in measured properties.;
Prediction Methodology for Titanium Matrix 2) Either a straight-sided or dog-bone
Composites. specimen geometry should be specifically

identified in any test standard or test report;
4. SUMMARY and
An ASTM sponsored round robin test 3) Further study is required to identify
program was conducted on a titanium matrix differences in lab fatigue test techniques
composite to identify effects of specimen which may have contributed to the
geometry and lab-to-lab variability on statistically observed variability in life.
unnotched tension and fatigue test data. The
material chosen for the round robin was Efforts will be made to coordinate future
SCS-6/TiMetal 21S. Six test labs ASTM and VAMAS round robin testing
participated. These labs represented activities involving TMC's. A major
industry, acdemia, and government. All concern for future testing activities is
labs used the same test procedures although obtaining the TMC .naterial.
different methods of heating and specimen
tabbing were allowed.

Static test results showed little variation for
each of the three lay-ups considered. Failure
locations changed with specimen design, but
tensile properties did not. Statistical studies
were performed and showed no significant
lab-to-lab variability.

Fatigue tests results were different depending
on the temperature. Specimen geometry did
not effect the fatigue lives at room
temperature, but did effect lives at elevated
temperature. Fatigue tests conducted on dog
bone specimens lasted longer than those
conducted on straight sided specimens at
480'C. ',dditionally, there was statistical
evidence to suggest that there was lab-to-lab

variability for the room temperature and
480'C tests. However, due to the large
scatter observed, it is visually difficult to
discern a significant difference. Scatter
bands could perhaps be narrowed with
additional testing.

4
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Tension Fatigue
Laminate Temperature # tests # tests

SS DB SS DB

[0]3 20 0C 1 1 2 2
4800 C 1 1 2 2

[0/90/0] j 20 0C 1 1 2 2
_ 480 0C 1 1 2 2

[0/+_45/90c]s 20 0C 1 1 2 2
480 0C 1 1 2 2

Table 1. Round Robin Test Matrix (Per Lab)

TEMPERATURE

[013 20 °C 480 °C
e 8 SS DB SS

E-17 mean 186.1 186.2 169.7 170.2
s 15.8 12.7 8.2 8.1

(GPa) max 214.0 204.0 181.0 180.6
min 174.5 173.6 159.0 158.6

UTS mean 1583.3 1620.8 1253.3 1303.1
s 98.1 78.0 33.2 78.9

(MPa) max 1751.0 1729.3 1288.0 1379.0

min 1472.7 1486.8 1199.3 1200.9

Ef mean 0.99 1.00 0.90 0.95
s___ 0. I1__ 0.10 0.08 10.11

max 1.11 1.12 1.03 1.10
min 0.81 0.83 10.78 0.76

Table 2. Static Test Results - [0]3

TEMPERATURE

[0/90/0] 20 °C 480 0C

-DB I SS DB j SS

ET mean 152.3 152.6 129.4 133.4
s 5.6 8.4 7.1 10.2

(GPa) max 160.9 160.4 141.0 141.0

min 145.3 136.6 120.2 114.0
UTS mean 1234.9 1222.7 940.9 890.3

s 55.4 62.9 46.8 59.8
(NIPa) max 1320.0 1295.0 983.1 998.0

min 1180.3 1153.6 867.1 820.0
Ef mean 1.01 0.96 0.86 0.80

s 0.12 0.04 0.05 0.05
(%) max 1.21 1.01 10.91 0.88

min 0.89 0.91 10.76 0.74

Table 3. Static Test Results - [0/90/0]
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TEMPERATURE
[0/±45/90c]S 20 *C 480 oC

- DB SS DB J SS
ET mean 149.6 149.7 126.4 124.9

s 5.3 12.1 20.1 13.2
(GPa) max 158.0 161.7 145.1 137.4

min 142.0 131.0 89.0 103.0
UTS mean 906.5 900.0 656.9 679.6

s 40.4 10.4 50.0 57.4
(MPa) max 944.1 915.5 727.0 737.4

min 832.6 885.2 602.0 599.6

Ef mean 1.03 0.93 0.94 1.13
s 0.17 0.05 0.21 0.13

(%) max 1.35 0.98 1.11 1.27
min m 0.86 0.83 0.55 1.01

Table 4. Static Test Results - [0/+45/90C]S

Temperature Lay-up Specimen Max Stress Replicates
0C Design MIPa

20 [0]3 Dog Bone 625 2
20 [0]3 Straight 625 2
20 [0/90/0] Dog Bone 525 2
20 [0/90/0] Straight 525 2
20 [0/±45/90c] Dog Bone 325 2

s

20 [0/±45/90c] Straight 325 2
s

480 [0]3 Dog Bone 600 2
480 [0]3 Straight 600 2
480 [0/90/0] Dog Bone 460 2
480 [0/90/0] Straight 460 2
480 [0/±45/90c] Dug Bone 280 2

S

480 [0/±45/90c] Straight 280 2
S

Table 5. Fatigue Test Matrix
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Source Degrees of Sum of Mean F-test P value
Freedom Squares Squares

Labs (A) 4 0.27524 0.06881 4.348 0.007
Specimen Design (B) 1 0.0004 0.0004 0.025 0.875

AB Interaction 4 0.10651 0.02663 1.682 0.18
Lay-up (C) 2 0 0 0 1

AC Interaction 8 0.20581 0.02573 1.626 0.159
BC Interaction 2 0.06207 0.03104 1.961 0.158

ABC Interaction 8 0.1783 0.02229 1.408 0.234
Error 30 0.47483 0.01583 , a 0

Table 6. ANOVA Table for 3-factor Analysis of Variance on log(N), normalized,
RT.

Source Degrees of Sum of Mean F-test P value
Freedom Squares Squares

Labs (A) 5 0.79418 0.15884 4.57 0.003
Specimen Design (B) 1 0.32661 0.32661 9.396 0.004

AB Interaction 5 0.08997 0.01799 0.518 0.761
Lay-up (C) 2 0.00051 0.00026 0.007 0.993

AC Interaction 10 0.83867 0.08387 2.413 0.027
BC Interaction 2 0.08874 0.04437 1.276 0.292

ABC Interaction 10 0.33306 0.03331 0.958 0.495
Error 35 1.21659 0.03476 1

Table 7. ANOVA Table for 3-factor Analysis of Variance on log(N), normalized,

480 0 C.
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DEVELOPPEMENT DE METHODES D'ESSAIS MECANIQUES POUR CMM A BASE TITANE
(TRACTON-FATIGUE OILIGOCYCLIQUE)

par

B. Danubrne M. Hartley
SNECMA Rolls-Royce

BP 81 PO Box 31
91003 Evry Cedex Derby DE2 8BJ

France United Kingdom

INTRODUCTION -La pantie utile doit &tre de section rectangulaire pour
Les objectifs de pert~onnances fixes pour la pri :hanie pouvoir &tre usuiee d partir de plaques.
generation de moteurs mnilitaires (rapport poussee/niiasse 2,-La nipture doit se localiser dans la partie utile
15) conduisent A des conditions extr~ines d'utilisation des -La mn~ne geomnetrie doit pouvoir &Cr testdee
alihages; de titane pour les disques de coinpresscur, tout enl temp~rature amilbianite et a haute temperature (600*C)
ne permettant pas de respecter les objectifs de masse. Les -Les chants doivent pouvot' 6tre rcvaius pour eviter
mat~riaux composites Ai matrice inietalliqtie (inatnice base I oxydation dans les essai s A chaud
titane renforcee par des fibres longues enl carbure de Les premiers essais sur eprouvette rectangulaire ont
silicium) montrent des proprneks de raideur, de resistanice conduit systimatiqucment a l'arorqage au ras des mors
et de tenue enl temperaturc promeiteuses pour Ia realisation (figure. 3). Pour dviter cc probleme il a dt ddcidd d~tudier
de disques de compresseur I I I UnC eproUVette stir laquelle des talons en TA6V sont
Une bonne connaissance don comporteinent des Composites rapportes par brasage. Pour optimiser la gdomdtie des
A Matrice MWtallique base titane (CMVM-1i) est tine talons, des simulations nwneriques ont &6 effectudes, les
condition prdalable a letablissenment et la alidation des ditferentes g~oziieilries etudides sont pr~sentdes suir la
mifthodes; de calcul de duiree de vie de- Limposints figure 4.
La premiere dtape consiste enl ltude Jn cuinportenieni enl
traction et enl fatigue oligocyclique stir ýprouvcttes A HYPOTHESES DE CALCUL
lNchelle du laboratoire. Dans la suite, onl trouvera les [Myaillage et modele mathtmatioue
elements qul ont conduit anl developpenienet de CL e_ ssais Pour chaque gdonitric un calcul plan a dtd rdalisd avec le

module ASEF (Anialy'se Statique Linenire) du Code de
Matkriaux tcstcs Calcul par 6kenrctts finis SAMCEF.
Deux mat~riatix ont servi de support a ceite etude.
- Le premier, diabore par TEXTRON SMD, est constittu& Coinpte-tenu des s~inetries existantes, on a uniquemtent
de fibres SiC SCS6 (0=140piu) prealablemnent rev4Nucs nmai]J& unje demi-i-prouvette avec des elements de volume
d'alliage de titane 6242 (TliAI-2SN-42r-2Mo) &~pose~ sous tonquc isoparaindtriques enl defonnation plane.
vide par procede plasma Le niati~rati est dlabord par
compaction A chaud de hutit couches de prdinipr~gne Conditions de charecmcnt
plasma. La fig (I) miontre la repartition des fibres dans une On impose sur les deux faces extcdrieures des talons i Ia
coupe transvcirsale, Ie tauS voluminioue de fibres obtenu est fois un &eplacement constant (senls 1) et une pression
de 33%. wa.fonuve representative de celle exercee par les mors de
- Le second, elabore par SNECMA, Lust contstttue de fibres serrage (senls 2). on pent alors visualiser la distribution des
BP SM1240 (0=104pmi) tissees et mainienues par tin fil dc contraintes normales (al I I- 2) et les contraintes de
chaine enl titane et Olune mnairice "IA6V sons tiorne de cisaillement `12,
feuillard d'epaisseur l00tun Le composite est obtenu A la
presse par compaction d'un emipilage de fibres et de Dunnecs mattMraux
feuillards pour obtenir un taui\ uhnnique de fibres de Toltes les caract~ristiques mnecaniqucs n&essaires A la
l'ordre de 33% La figure (2) niontre one coupe inodtelisation numdrique sont connues
transversale do materiau obienui. La principale dillTýrence Sic'-tmtane
entre ces dens matieriaux, hionnis Ie diam(Iire des fibres, El - 190 000 MPa
rtside dans la nature de VI'nterphiase~ E2 =E3 =135 000 MPa

G 12 =G 13 =56 000 MI~a
La fibre SCS-6 esi rev.uic de 3 pinl de carbumie pyrolitique v12 v] 3 = 0,21
alors que la fibre SM 1240 es revamtic dun diep6i compose v23 02v32 0,30
d'une couche de carbone de 1.2 pml el 0,8 pmn de TiB2
,ependant les ali~s de production lics a la CVI1) Y'to,,e
conduisent enl fait A tin dep6i de bore dont la cohiesion est LI' = 11500 MPa
faible. Au cotirs du compactage, cc dipt~t mnigre entre les V= 0,3
feuillards et one panic reamil pouir I .unner Til~x (1 5 x ! 2)
qui affaiblmi Ia liaison) emmire fenitllards ci fibre-fetiillard x = I = sells de sollicitation et des fibres SiC
Cette contamination petit CN~)liqtier Ia relaiive faiblesse y 2 =sells orthogonal a 1 (2=3 i e le plan (2,3) esi
des caracii~rstimmles mnesurees stir cc inateriat isolrope)

Drinition des essish de tractioni RESULTATS
Les criteres retenus pour definir tine eprouivetie de traction L~es distributions de contrainies normales (a011, (022) et de
soni les stnvants cisaillement "12 pour les dmthlremites georridtnes sont

represenics stir les figures 6 t 8t Tronics ces grandeurs

Presented atan A(;ARI)Meeting on 'Characterisation of Fibre Reinforced Titanium Mlatrix Comnm ie.ste: Septeniher 1993.
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soft ramenees d la valeur noininake 0 IIN, calculee dans li d'importance nous retenons les; critercs de
panic utile de I'dprouvette (oti zone d'homog&n616 des dimensionnement suivants
contraintes allI). Nous detaillons ci-apres ['analyse des
r~sultats en essayant de r-nipreiidre les mecanismies oll/olIiN 5 I au niveau du raccord entre talons et
essentiels entrant en jeu dans le componi-teent global de Composite
1l6prouvette,

a 12/cr1l tend vers zero dans les talons.
A propos de ai
Une sw-contrainte de traction apparait dans le composite Si Y'on veut obtenir une rupture en traction dans la partie
aui niveau du raccord elitre Ics talons et li partie utile de utile du composite, il faut retenir la gcom~trie 3 (ou 4 en
1'ýprouvette pour les quatrc geometries (ligui z 6) ,cel~e-ci p;atique). Ce sont elies qui foumis~ent les 6carts mini-
petitatteindre 1,02sai IN Cet elkt disparait pour ui talon miaxi les plus faibles, exception faite de Ia gdomrtttie 1
avec congad de raccordeinent circulaire tangent an pour a22/01 IN D'autre part, les g~omctries 3 et 4 peuvent
composite. Ceci doinne 6i penser que la forme du conge est &tre ainidiordes en augmentant le rayon du cong6 de
primordiale. raccordei nent des talons -,cependant les surcontrainteh all

observ~cs dtant tr~s faibles et nayant pas lieu au debut du
En pratique, il parait difficile d,: reaiser une tangente raccord composite-medtal proprement dit, cela nous a paru
aussi precise, c'est pourquoi Ia figure 6 indique cc que ['oi inutile.
obtient pour tine niarclie d'environi 0, 15 nin (geoietric 4)
il ny a toujours pas de zone critique RESULTATS EXPERIMENTAUX,

A propos de `12 Des essais de traction a temp-&ature ainbiante ont Wt
On observe uai cisaillement dans Ics talons de titane efferiuds sur barreau paralldclpipddique et sur ýprouvctles
(figure 7j il est maximal au niveau de la partie Ia plus ai talons brases (gcomc~trie 4). Pour la rdalisation de ces
epaisse du tnlon (fin du con-&~ dans le sens des x positifs), denuiires, divers niodes de r~alisation ont 6t testes.:
atteigisant 38% de c0 II N pour Ia geometric 2. SUr la figure (9), les talons sont rapport~s par brasage

(TiCuNi) en etant soit pred-usines soit usiniEs ensuite. Cette
Ceci sexplique par Ia deviation ,dans Ie coige, des efforts techunique necessite un cycle de tempdrature
qui suivent le bord libre en g~i~n~ant par la maine occasion stipplnementaire d'une demi-heure i 900*C environ qui peut
tin glissement de mati~re (ou une contrainte de se niontrer endomrniageant pour Ie composite, et des doutes
cisaillement). Une plastification locale dui talon nest donc existent sur Ia tenue mecanique de Ia brasure [21 .
pas impossible -,elle anrait cependant peu d'effet stir Ie La deuxi~me techniquc utilisde consiste il presser le
comportement d'enseinble de I'dprouvette CMM en rempla~ant les Ccuillards extdnieurs dc TA6V par

des plaques du rn~me matenati, une fois le composite
On note que Ia genmctrie 2 est la inois favorable de realise, on effectue une ddcoupe puis tine rectification des
toutes ;elle presente en effet detix zones de cisaillemnent eprouvettes afin d'obtenir dans Ia partie utile tine 6paissetir
important dans les talons, sans oublicr qne les valeurs de TA6V identique A celle des Ceuillards externes d'une
relatives de a12/01 IN sont les plus importantes. Enfin, il plaque de CMM staii,.ard on r~aise ainsi tine 6prouvette i
n'y a pas de grandes differences entre les geometries 3 et 4 talons sans cycle de brasage et assurant tine rmeilleure
A propos de c"22 comutiriuitý de la mnati&e. la figure (10) illustre la
Une contrainte 022 de compression existe dans Ie fabricatioii de ces ýprouvettes
composite an dc isus du niveau dui congd de raccordemnent
(figure 8) -,celle-ci est Ia conseqjemice dune contraction du Des idprouvettes rayornndes, dont Ia g~omdtie est prdscnt~e
titane dans le sens 2 probablenuent due A~ Ia difference des figure ( I I) ont dgalemnent 61 testtdes, car elles ont
modules entre les detix niattihraix. egalememit tcid utilisces dans )a Iitt~rature (3). Si ces

eprouveltts doivent convenir A tempeature anubiante, les
La compression sens 2 atteint environ 5% de O I IN pour fibres debouchantes dans Ie rayon de raccordement
Its quatre gdom~tries cc qtii eat 'ativement faible , constituent des sites prm iI~giq~s pour loxydation du
r&qtiuibrage de la zone precddente es. rdalis& par tiie carbone a haute temperature ,ce nsquc d'entrainer des
zone de traction sens 2 comprise entre la panliC utile et Ia ruptures prdmaturees
fin du con&g- 022 petit alors atteindre 3 1% de 0 1 IN et
depend en general de Ia fomice du con&e Ainsi, les Les resultats obtenus soft consignes dans le tableau HI et
geomeitries 3 et 4 sont lea plus favorables, alors que I'on montrent clairement que les eprouvettes sans talons oti A
pourrait craindre un eventimel decollement des talons pour talons brasids ne permettent pas d'acckdcr aux
les geometnecs ICt 2 caractimstiques de resistance du mateniati

Consiquences L'eprouvette rayonn&e ne permet pas d'obtenir tine rupture
L~es principaux citeres penalisants mis en . : iont danis la panlic utile et les ridsultats soft infdticurs i ceux de
donc Ia stircontraimite de traction all, 1,ine localisation du leprouvette A talons cocuits qui pennet d'obtenir 70%. de
cisaillement Cr12 Ct tili traction (022 (uýqimvalcntc a dui niptures corilonnes
pelage) dans I'cprotivette

Nous donnons dans le tableau I !,s valctirs extri~nes
obtenties pour lea coniramntes dans Ie plan ( 1,2) ,par ordrc
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FATIGUE OLIGOCYCLIQUE le marched la presence de fibres d&bouchantes; dtant
toutefois un probleine important car celles-ci deviendront

Les probliues reiicontr.!s en fatigue oligocyclique sont de des sites pivilkgids dlarinor~age en fatigue et d'oxydation
maine nature qu'en traction :comment amiarrer lNprouvette it haute teinp~rature.
dans les mors tout enI localisant la rupture dans la partie
utile ? - U~protivette a talons cocuits pennet de mesurer les

caractmeristiques intrinsejues dii iatertau.
Pour les essais a temperature aminbmnte, on a utilisd tine La validation de cetie georn~trie est actuellemnent en cours
6prouvette rayomutne pris en inors hydraUlique telle que pour les essais de fatigue oligocyclique At haute
d&rite dans la littmerattire [ 4 [ (fi~gure 11) et qui doit &~iter tempaturare.
toute rupture dans les muors. Uit calcul a &valud la
surcont~rainte de traction it 2 0/ At la riaissance du rayon.

BI BLIOGRAPI-IE
Les essais de fatigue out mýti elkcctuis stir machine servo
hydraulique MIrS iqtiip& de mours hydrauliques dune IlI Phi. DOOISAR "Metal matrix Composites in
capacite de serrage de 20KN. Les conditions d'essais sont Ateroenguins"
les suivantes . 5ý colloque mnatdriaux pour 'Acronautique et l'Espace

Nquece ,25 izParis-Juin 93 - pp 209-226

-cycle trapezoidal avec temups de ianaiiien de I s aux mnini [21 E. HOEPTMAN. R. B3IRD. D. DICL}S, "Effect of braze
et maxi de charge processiiig on the microstructure and mechanical
- rapport de charge R = aiuini/aina = 0,.1 properties of SC6/[3 2 Is titanium matrix composites.

AIAA Fourth international aerospace planes conference
A haute temiperature, l'utilisation de miors hydrauliques I4 dec. 1992 - ORLANDO
refiroidis a &t& rendue possible par 'eniuploi d oun four At
rdsistances simple zunec FECRALLOY d'une htauteur de 60 13[ M.L. GANIBONE "Fatigue and fracture of titanium
nun. Les variations de teiNprature dans Ia zone utile de aluininides" WRD)C-TR-B9-4145
l'prouvette sont liiuite at +/- 5*C At 600'C gritce 5t
lutilisation d'eransaut de part et d'autre dui four. 1[4[ J. GAYDA, T. P. GA131, A D. FRE ED "T'he isothermal

fatigue behaviour of a unidirectionnal SiCrTi composite
Deux series d'essais out att effectues it temperatutre iiid tlte Ti-Alloy matrix NASA-TM-101984
ambiante et At 600*C stir des eprouvenes prelevees danis
une plaque en SCS6fI'A6V pressee par Textron SM!) les
rdsultats des deux series d'essais sont prsnd stir Ia
figure (12)

L~observation des eprouivettes roinpues ainene les
commentaires suivants

A temperature ainbiaimte, Ia rupture est iimorcee dans le
congd de raccordetinent. Siir les fractograplties (fig 13)
prises dans Ia zoite de rupture, on observe les sites
d'amorqages privik~gies qiie sont les fibres dmbotmclantes it
la surface de Nmchantilloii

A haute temperature, ,it faint les itt~iies observations stir
les sites d'arorqage, Ia ripitire t6tant localiske dlans Ia zone
de chaufl'age.

Des essais sur Cprouvettes it chant-poli Wont pas pennus
dr~iter 'amnorqage stir les fibres duboimchantes. les valeurs
obtenues doivent donc Etre considerees comme tine borne
infeieure

CONCLUSIONS
Les essais de traction et de fatigtie oligocvclique out MIS
en evidence les pointis smitvaiit,

-Les eprouvettes para~lklpipediqites sains talons oii avec
talons rappories par brasage ne pentiettemmt pas d'acceder
aux caract~ri st iqties reelles du mat~itmru te si

-Le6prouveite rayonimee perniet d'approcher ces
caract~nstiqtues en uldisant des plaques disponibles stir
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I ll/ol1N a12/ollN a22/o1lN
Mini Maxi Mini Maxi Mini Maxi

G~omftrie 1 -0,006 1,OA? -o,ZA4- 0,'I-1 -0,((G 0,!.51

G~omftrie 2 -O,00G 1,0,4 -0,;55. O,156 -0,ASA 0, SA

G~omftrie 3 -0,00(ý 1,002 -0,.Zoo 0,.Loo -0,A6 0, 48

G~omftrie 4 -0,00 6 1, 01r, -0, Zo, 0,o3-o -0,AG 0,'go%

Tableau 1 : Valeurs mini-maxi des contraintes ramen6es & la
contrainte nominale olIN

Sans talons Eprouveffes talons brasi Eprouvetles rayonn&es Talons cocuits
paralldlfi~p~diues _________ __________ _________

Rupture ras des mors Rupture ras du talon Rupture clans le rayon 70% rupture en partie
utile

30 % rupture au ras du
rayon

( rupture moyenne a rupture moyenne ( rupture moyenne cy rupture moyenne
1280 MPa 963 1350 MPa 1480 MPa

Tableau 2
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Figure I Coupe transversale SCS-6 ITA6V

Figure 2 Tissu SM 1240/ TA6V
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Figure 3 Coupe transversale SM 1240 /TA6V.

0___

Figure 4 Rupture dans les mors d' une eprou\,ette parallelepip~diqu~e
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Figure 9: Schema de fabrication des eprouvettes a talons.
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- -- PJO~uo do Tkane COL^*

Eprouvetle brute
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suIopI6SoaX do Than.o cdrmin 0 2mm

Figure 10 Schema de fabrication des eprouvettes a talons cocuits.
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MODELLING AND TESTING FIBEE REINi'ORCED FITANIUM 4
FOR DESIGN PUIRPOSES

L N McCartney
Division of v1'-,,rials Metrolop,

National Physical Laboratory 4
Teddington, diddx. UK, TWI 1 01W,

SUMMARY While geometry and loading mode are often at
the discretion of the designer, the materials

A review is given on some aspects of properties used in the design calculation must
designing with continuot s fibre reinforced be measured experimentally. The objective of
titanium alloys. Issues that are addressed are as this paper is to discuss the relationship of
follows: materials properties and their measurement to

design, and to show how modelling can help to
" Need for multiaxial constitutive relations identify materials parameters that need to be

describing behaviour of fibre reinforced measured, and to develop new design
titanium for:- monotonic loading at procedures.
different temperatures, unloading at
different temperatures, cyclic changes in It is useful to set the scene by asking the
load and temperature both in and out of following basic three questions:
phase, and general thermo-mechanical
loading. Linear, yielding, incremental 1) How does one decide which properties
plasticity and time dependent characterise a given type of material'?
deformations are considered.

2) Who wants to know values of materials
"* Need for reliable failure criteria that take properties, and how are such data used in

account of the micromechanisms that desigit procedures?
contribute to the failure event.

3) How can materials properties be measured
"* Role that micromechanical modelling can reliably?

play in the development of reliable
constitutive relations, and design methods. To answer the first question, materials

properties are defined by constitutive equations
" Need for validated test methods to that relate basic quantities, such as stress,

measure the parameters that appear in the strain and temperature. Linear relationships
constitutive relations that are used for involve materials parameters, such as Young's
design purposes. moduli, Poisson's ratios and thermal expansion

coefficients, whose values for a given material
need to be measured experimentally. For

1. INTRODUCTION advanced materials, such as fibre reinforced
metals, various constitutive equations have

One aspect of the design process involves been used to characterise their non-linear
predicting the performance of an engineering beliaviour, and these are often generalisations
detail given its geometry and mode of loading, of isotropic equations for homogeneous metals
together with the mechanical and thermal to anisotropic situations. Such an approach is
properties of the materials used in the design. likely to be unreliable for composites as they

Pres•e•nted at an AGARD Me "ting on '(haracterisai, mn )f Fibre Reinforced Titanium Matrix Compe':tesi Septernher I193.
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are unlikely to behave as homogeneous components in service other factors become
materials. The combination of elastic fibres important such as fracture toughness, fatigue
with thermo-viscoplastic matrices will lead to and creep. In addition, the thermal degradation
constraints of materials behaviour, and lead to of composites (through chemical changes of
effects caused by residual stresses arising from fibres, matrix and interfaces) due to exposure
the thermal expansion mismatch between fibres to elevated temperatures can be an important
and matrix. A more reliable approach is to use factor. A discussion of fracture toughness,
modelling techniques to determine the fatigue, creep and thermal degradation effects
characteristics of the fibre reinforced metal, are, however, beyond the scope of this paper.
and to verify this behaviour by experiment.

To answer the third question, there is a great
To answer the second question, it is clear that need to measure properties with a minimum of
the users of materials properties fall into the scatter when testing is carried out in one or
following categories: more laboratories, and a need to ensure that

properties measured do not depend on the test
a) Materials developers who need property method. If either of these requirements is

measurements to assess the quality of violated then the data collected are of limited
their materials, use in the activities (a-c) described above. It is

well recognised that reliable design data can be
b) Component designers who need to select obtained only if standardised test methods are

materials, and component geometries, that available that have been properly validated by
satisfy prescribed design requirements, round robin testing and appropriate analysis of
including acceptable cost, results. For fibre reinforced metals some

properties will be needed to characterise
c) The engineers taking responsibility for the properties for which no test methods currently

operation of engineeriig components in exist. This emphasises the urgent needs to
service. develop realistic constitutive relations

characterising material behaviour, to identify
Materials properties are used in design as input materials parameters that need to be measured,
parameters for stress analysis calculations such and to develop validated methods of
as finite element and boundary element measurement.
methods. For linear elastic materials the
properties can frequently be used in hand As composite components often exhibit
calculations. The objective is to predict the properties that differ from those measured in
performance (e.g. the deflection, maximum test coupons, it is also reasonable to ask
principil stress) as a function of geometry and whether materials property data obtained from
loading mode. A design methodology can then coupons have any value in design procedures.
be established based on failure criteria that A response to this point is that without reliable
limit deflections or loads to prescribed safe mechanical property information it will not be
values. Predictions can be made of the possible to select materials for a particular
response of a component to some externally application, nor will it be possible to design a
applied stimuli, e.g. applied stresses and new component. The most reliable method of
temperature, including cyclic profiles where collecting these data is to use test coupons. If
stress and :emperature can be either in or out there is a difference between component and
of phase. Such responses are compared to coupon data then it is necessary to identify
design requirements. If predictions indicate that why. The difference will probably because of
the component will not meet requirements at the tact that manufacturing variables are
reasonable cost then it must be redesigned. having an effect on properties. For example,
When considering the performance of uneven cooling can lead to residual stresses
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which in turn lead to differing apparent elastic behaviour of the fibres. In contrast, UD
properties. If the quantitative relations material is weakest in the transverse direction,
characterising the material took account of and exhibits highly non-linear behaviour when
residual stresses then differences between the stressed in this direction, and also when subject
properties of coupons and components might to axial shear deformation. Designs can thus
be less. This approach points to the need in sometimes be based on material behaviour that
some cases for modelling the manufacturing is assumed to deform linear elastically. Such
processes used when making both coupons and an approach is likely to be successful if
components. Of particular relevance to fibre transverse and axial shear stresses in a
reinforced metals are the residual stresses component are much lower than those in the
induced during cooling from the manufacturing fibre direction. Alternatively, design allowables
temperature to room temperature. Uneven fibre for strengths in transverse tension and shear
distribution in components, resulting from the must be small with the consequence that
manufacturing process, can also lead to inefficient conservative designs may result.
apparent properties that differ from those
measured using coupons. For fibre reinforced metals it is clear that there

is a need to develop the quantitative
relationships that will adequately model

2. SOME DESIGN CONSIDERATIONS thermo-elastic-plastic behaviour taking account
of material anisotropy. Having established the

Fibre reinforced metals are currently being relationships, and having verified by
assessed for use in engineering components experiment that they really do describe the
exploiting their light weight, increased stiffness actual behaviour of the material, it is then
and strength, and their high temperature necessary to develop the test methods that can
performance. The task of designing be used to measure the various parameters that
components made of continuous fibre appear in these relationships and thus
reinforced MMC is particularly difficult for a characterise a particular material. For fibre
variety of reasons. The principal difficulty reinforced metals the quantitative
arises because of the yield of the metal matrix characterisation of materials behaviour is
which can occur at relatively low strains at clearly where much research is needed. This
room temperature leading to non-linear must be completed before the design of MMC
stress-strain behaviour, and to a differing components using FEA can be reliably carried
stress-strain response in compression. This out.
means that non-linear behaviour and residual
stresses must be taken into account during In this paper an attempt will be made to
design. The relatively low proportional limit indicate areas where there is currently
for these materials can mean that components uncertainty regarding design methodology, and
will slightly change shape as soon as they are how modelling can help to increase confidence
put into service. The anisotropy of the material in existing procedures or to develop new
has an effect on both the yield stress and on methods of design. The views expressed have
the work hardening characteristics, and needs been influenced by work of a generic nature
to be taken into account in design. (rather than specific) that is being undertaken

by a UK MMC Structural Analysis Group
The simplest designs for unidirectional (UD) involving participants from UK industry,
fibre reinforced titanium components, such as Universities and Government Research
hoop wound ring structures, try to exploit the Laboratories.
improved properties obtained in the fibre
direction. The behaviour of UD material in the
axial direction is dominated by the linear



23-4

3. PRINCIPLES OF CONTINUUM In solid mechanics the most well known
MECHANICS USED IN DESIGN constitutive equations are the stress-strain

relations of linear elasticity theory which
Design procedures, whether using analytical introduce elastic constants such as Young's
methods or numerical techniques such as the modulus and Poisson's ratio that need to be
finite element or boundary element methods, measured experimentally. For metals, plasticity
are based on the principles of continuum is an important phenomenon that is modelled
mechanics where the following conservation by constitutive equations of a more complex
laws are imposed: nature (see for example Ref.3). When metals

deform at high temperatures creep or
mass, linear momentum, viscoplastic behaviour is observed (i.e. time
energy, angular momentum. dependent deformation).

When considering energy balance, a Fibre reinforced metal matrix composites, such
thermodynamic framework needs to be as silicon carbide reinforced titanium alloys,
employed if materials behaviour during combine the properties of two materials having
temperature changes is to be considered. This very different properties. The silicon carbide
then leads to the concept of entropy balance fibres behave essentially as linear thermo-
equations and irreversible thermodynamic (or elastic solids over a wide range of
dissipative) processes such as heat conduction temperatures, while the titanium alloy matrix
and plasticity. Readers are referred to texts by behaves as a thermo-viscoplastic solid. The
Truesdell (Ref.l) and Eringen (Ref.2) for constitutive relations that characterise the
further details of the basic principles of dformation properties are reasonably well
continuum mechanics set in a thermodynamic known for fibres and matrix alone, but for
framework. It is emphasised that design composites made of these fibres embedded in
methods based on finite element analysis or a metal matrix there are no easy ways of
boundary element techniques obey these deriving the constitutive relations that
axioms either exactly or approximately. characterise their deformation behaviour (see

Ref.4 for review of plasticity theories for
fibrous composites). The constitutive equations

4. ROLE OF CONSTITUTIVE once developed for fibre reinforced metals will
EQUATIONS identify new materials parameters that need to

be measured, poiit to new requirements for
None of the principles of continuum mechanics standard test methods, and lead to new design
outlined in section 3 say anything about the methods.
nature of the properties of a material.
Additional relationships need to be specified, Before stress analysis can be carried out using
known as constitutive equations, which are at FEA it is necessary to have constitutive
the heart of the design process characterising relations which adequately describe the
the mechanical, thermal, and electrical thermo-elastic-plastic response of the material.
properties of materials. These relationships Many FEA systems enable users to input their
identify most of the materials properties that own descriptions of materials behaviour
need to be measured. Furthermore they are also through the use of user-defined routines. Thus
the relationships that are used in design new types of constitutive equations can easily
procedures such as finite element and boundary be put into engineering practice. The effects
element stress analyses. need to be understood of residual stress arising

from the thermal expansion mismatch between
fibre and matrix, and the effects of load and
temperature variations on both the yield
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function and the work hardening. Especially that the stress-free temperature is known, and
for titanium composites, which will operate at that the material behaves as a linear
elevated temperatures, the influence of thermoelastic solid during cooling to lower
temperature on the elastic-plastic response is ambient temperatures. For UD titanium
an essential requirement. Specific areas, of composites the stress free temperature is
relevance to design where quantitative thought to be around 5000C. For calculations
relationships are required, are now discussed in of residual stress build-up during cooling it is
the following sections. important that the temperature dependence of

modulus is taken into account (Ref.5).
Corresponding calculations for laminates can

5. LINEAR ELASTIC BEHAVIOUR be made.

For the linear regions of the stress-strain For UD and laminated fibre reinforced metals,
curves of fibre reinforced metals the relevant the important materials parameters that need to
constitutive equations are the linear stress- be measured are the thermoelastic constaA,,s.
strain-temperature relations. For unidirectional One measurement problem that has been
fibre reinforced metals in the linear elastic encountered, especially for fibre reinforced
regime, the material can be assumed to behave aluminium, is the method used to measure
as a transverse isotropic solid, for which five elastic moduli. While Poisson's ratio can be
elastic constants and two thermal expansion calculated by taking the ratios of strains
coefficients need to be meas,. :d. These are the ,.ieasured in orthogonal directions, the elastic
longitudinal and transverse Young's moduli, moduli must be calculated by determining the
Poisson's ratios and axial shear modulus, and gradient of the stress-strain curves. Such
the longitudinal and transverse thermal calculations lead to significant scatter in
expansion coefficients. If the linear modulus values if the stress-strain data are
thermoelastic properties are known of fibres subject to scatter and the stress-strain curve
and matrix in the composite then the values of exhibits a very low proportional limit. As the
the thermoelastic constants of the composite proportional limit of titanium composites is
are easily calculated using analytical formulae. higher than that for aluminium composites, the
The thermoelastic constants can also be moduli for fibre reinforced titanium are
measured and compared to predicted values, capable of reasonably accurate measurement.
Models can be regarded as validated only if
there is good agreement between prediction
and experiment. Models validated in this 6. YIELD CRITERIA
manner can be used as the basis of quantitative
design procedures. Plasticity is regarded as a phenomenon of

irreversible non-linear deformation that occurs
Linear behaviour is observed in fibre instantaneously if the stress state satisfies some
reinforced metals to strains at which matrix yield criterion, e.g. a critical yield stress is
yielding occurs inducing non-linear behaviour, reached for uniaxial stress states. At elevated
The proportional limit in tension is usually temperatures the uniaxial yield stress will
lower than that in compression because of the reduce to much lower levels as the metals
thermal residual stresses that arise from melting point is approached, and at the same
thermal expansion mismatch between fibre and time the material will exhibit time dependent
matrix. It is thus very important that the effects behaviour (discussed in section 8 below).
of the residual stresses are taken into account
when carrying out stress analyses in the linear For time-independent plasticity a yield function
regime. One way of achieving this is to predict is needed which specifies when the composite
the size of the residual stresses by assuming begins to yield in a given stress state which
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might be triaxial, and at a given temperature. simplest incremental laws for the plastic strain
For homogeneous isotropic materials it is usual components e,, of an anisotropic material have
to assume that yield is governed by either the the form (Ref.3)
Tresca or the von Mises criterion. Continuum
mechanics indicates (Ref.3) that for anisotropic de 11 = [H (an -'U22) +G (a I-a 33)]dX

materials other yield criteria are more.
appropriate but there is no guarantee that a
fibre reinforced MMC will obey such yield dE22 = [F (a 22 --0 33 ) +H (0 22 -- ll)]dA

criteria. For example, the von Mises yield
criterion for anisotropic materials has the form
(Ref.3) involving the stress components 0rj de 3 3 - [G (033-011) +F (a 3 3 -a 2 2 ) ]Ai•.

F (022-Y33) 2+ (033-011) 
2 "+H (all-a- 2 2 ) 2

2 2 2 =dy 2 3 = L'1 2 3 dX+ 2L'c23 + 2 Mz23 + 2N'12 -'- 1

The parameters F, G, H, L, M and N are dY13 = Mt13 dX

materials parameters associated with the
materials anisotropy that have to be measured dY12 = N*112dX
experimentally, including their temperature
dependence. It is thought highly unlikely that
a yield criterion of this type will be appropriate where it should be noted that the materials
for unidirectional fibre reinforced metals as the parameters appearing in the incremental laws
properties in the fibre direction are dominated are identical to those used in the yield
by the elastic properties of the fibres. criterion. Again it is thought highly unlikely

that incremental laws of this type will be
appropriate for unidirectional fibre reinforced

7. INCREMENTAL PLASTICITY metals as the properties in the fibre direction
are dominated by the elastic properties of the

Assuming time independent plasticity, an fibres.
incremental law of plasticity is required
determining the increment of plastic strain When modelling the non-linear deformation
which accumulates during an incremental which can arise in fibre reinforced metals it is
change of the stress field. This is the law that necessary to determine the yield surface by
represents quantitatively the work hardening measurement, and to check whether or not
characteristics of the material. One approach of conventional incremental plasticity theory for
representing the plastic part of the stress-strain anisotropic materials is adequate. As is
curve by a straight line of gradient less than apparent from above, according to incremental
the initial modulus may be too simplistic. It theory the mathematical relations describing
will be necessary to model this part of the the yield surface are sufficient to predict the
curve more accurately taking account of the work hardening behaviour of the material. This
work hardening effects. The ideal would be to may not, however, be true for a fibre
model the experimental results "exactly". reinforced metal. The response of the material
However the function describing the work to temperature changes with and without load,
hardening behaviour would need to take proper and to load and/or temperature increases and
account of multi-axial stress states and the reductions including cycling will also need to
anisotropy of the material. A model based on be characterised quantitatively.
stress invariants consistent with the anisotropy
of the material is thought to be essential. The
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8. TIME DEPENDENT BEHAVIOUR (Ref.8). For continuous fibre composites
subject to creep the concept of internal state

At elevated temperatures metals exhibit an variables has also been used for uniaxial 4
additional time-dependent non-linear mode of deformations (Ref.9).
deformation known as creep, in addition to
time-independent plasticity. When carrying out
finite element stress analysis calculations for 9. FAILURE CRITERIA
materials that exhibit time dependent
behaviour, there is often the temptation to The design engineer requires failure criteria,
provide the FEA system with user-defined valid for multiaxial loading, that can be
constitutive relations that involve time. For incorporated into FEA systems. It is extremely
example, uniaxial creep data can be input in unlikely that current criteria used for polymer
the form of strain-time relations for a range of composites will be adequate for MMC. The
stress levels. By using multiaxial creep need is to predict the level of loading at which
deformation laws based on invariants of the failure occurs, together the location and mode
deviatoric stress tensor (Ref.6) it is possible to of failure. There are several failure criteria that
use uniaxial creep data in multiaxial stress have been proposed in the literature, and
situations. Thus user-defined routines of this implemented in FEA packages, for example,
type would appear to have some promise for the Tsai-Hill, Tsai-Wu, Hoffman, and 4
application to finite element calculations. maximum principal stress and strain criteria.
However, it has to be recognised that the Because of the engineers' lack of confidence in
constitutive relations supplied by the user in the failure criteria offered as options in FEA
this case involve time explicitly and this will packages, the approach sometimes taken for
lead to errors if applied to a problem where polymer composites is to work out failure
stress redistribution takes place. Time should stresses and locations using all available
not appear explicitly in constitutive relations criteria and then design the component on the
(see Ref.7), and the fact that it is sometimes basis of the most pessimistic prediction! This
used in this manner indicates clearly that approach is not adequate and emphasises our
suitable constitutive relations need to be lack of sound knowledge concerning the failure
developed. For example, in Ref.5 it is of composites.
suggested that creep deformation, relevant
when a composite cools down from its These failure criteria are based on continuum
manufacturing temperature, can be modelled by mechanics principles and do not take into
an equation of the form account the fact that there may be defects in

Eexp [ the material which are responsible for the
= A On t e [-O/kT ] ,failure. Fibre failures almost certainly initiate

at defects in the fibres, while interface failure
where T is the absolute temperature, and where will initiate from interfacial defects. This
the parameter t (the elapsed time) appears suggests that it may be very difficult for FEA
explicitly. Relations of this type represent the methods to predict the failure mode and
results of constant stress tests and, as they do location, and hence strength, with any degree
not characterise materials behaviour under time of reliability. Some of the non-linearity in the
dependent loads, they are not suitable for use stress-strain curve may arise from the fracture
as constitutive equations in finite element of fibres as the load is increased to failure.
analysis. One consequence of this is that the stiffness of

the composite may be reduced by a measurable
For metals constitutive relations have been amount, particularly for composites made of
developed that involve time implicitly through large diameter fibres. To assess this effect it
the explicit use of internal state variables would be useful to carry out a limited number

I
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of small load reversals during loading so that are analytical models that are capable of
an estimate of modulus can be made at various predicting the thermoelastic constants of
parts of the stress-strain curve. A reducing unidirectional and laminated composites in
modulus could be indicating some form of terms of fibre, matrix or ply properties,
damage accumulation which may not be assuming perfect interface bonding. For
associated directly with plastic deformation, titanium composites such models are useful for
There may be some scope for devising new characterising linear behaviour only. Non-linear
'failure criteria' based on an agreed loss of a behaviour arising from matrix yield requires
property that takes account of the FE methods that can be used to predict the
micromechanisms of damage that contribute to stress-strain response of the composite to axial
the failure of the composite. Such an approach tension, compression and shear, and to
is thought to be more predictable than strength, transverse tension, compression and shear
and could, therefore, be the basis of more loading. Provided that thermal residual stresses
reliable 'failure criteria'. are taken into account, these methods will

provide invaluable information regarding the
For unidirectional composites, subject to onset of yield in fibre reinforced metals for
loading that induces maximum principal multiaxial stress states, and on the
stresses oriented more or less parallel to the development of plastic flow in the metal
fibres, the maximum principal stress criterion matrix. The stress-strain response to combined
can be used to predict failure. The critical complex loading can also be predicted by such
value of the maximum principal stress methods. It is only by carrying out such
determines the failure of the composite in such calculations that one can devise new more
special conditions and FEA can predict the realistic constitutive relations, and check
failure initiation site. whether they describe materials behaviour

adequately.

10. ROLE OF MICRO-MECHANICAL For composites operating at elevated
MODELS temperatures, the time dependent creep

deformation of the matrix becomes important.
In sections 5-9 some of the problems Questions that need to be asked are as follows:
associated with the choice of constitutive
equation to describe the properties of How does a composite respond for complex
continuous fibre reinforced metals have been loading states when it has been loaded to a
described. To summarise the situation, most non-linear part of the stress-strain curve and
approaches are attempts to generalise well
known continuum mechanics methods for i) the temperature is changed?
homogeneous materials to inhomogeneous
composites without any attempt to consider the ii) the temperature is cycled?
physics of composite deformation.

iii) the temperature and stress are cycled both
A significant amount of work has been carried in and out of phase?
out attempting to model the deformation of
continuous fibre composites using A great deal of research will be needed to
micro-niechanical models. Representative solve these problems the solution of which will
volume elements at the fibre/matrix level of need to involve contributions from continuum
undamaged composites are defined and a stress mechanics, micromechanical modelling and
analysis carried out that predicts the effective experiment. Some approaches, based on FEA
stress-strain behaviour of the composite. The of representative volume elements subject to
literature is far too large to review here. There the complex load/temperature profiles
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described above, will require extensive result when a series of repeat tests are carried
numerical analysis and will produce results that out in a series of laboratories under identical
are difficult to interpret when attempting to testing conditions. Such tests are carried out in
formulate realistic constitutive relations valid round robin testing programmes. If the round
for general conditions of loading and thermal robin testing of a particular test method has
history. Because of this, there should be some been shown, using recognised quantitative
scope for the use of analytical models that can assessment methods, to be both repeatable and
indicate some characteristics of composite reproducible then it can then be considered for
materials behaviour at both room and elevated standardisation at national and/or international
temperatures. As some design methods assume levels.
that the maximum principal stress is almost
aligned with the fibres in a unidirectional
composite there is scope for using simple 12. SUMMARY OF REQUIREMENTS
engineering methods based on parallel bar NEEDED TO DEVELOP A DESIGN
models of a composite (Ref. 10). Also, methods METHODOLOGY
using laminate theory and the vanishing fibre
diameter model to represent single ply There is a need to develop and validate
behaviour have much scope for development experimentally the stress analysis techniques
(Ref. 11). required to design engineering components

made of fibre reinforced metals. In particular
the needs are to:

11. ASPECTS OF MEASUREMENT OF
PROPERTIES develop constitutive equations for carrying

out the finite element stress analysis of
When new more realistic constitutive equations fibre reinforced metal components. This
become available, the types of materials test activity should include an examination of
that need to be carried out in order to measure the onset of yield, the anisotropy of yield
parameters used in the constitutive relations, and work hardening, the effects of
and thus fully characterise the fibre reinforced temperature variations, the failure stress
metal, will have been ldeified. Reliable and strain, and the location of the failure.
testing techniques will be required to measure
those properties needed for design calculations. validate constitutive relations by critically
As experience of testing accumulates and the assessing their ability to predict the
new design methods become established, the behaviour of the material by comparison
need will develop for standard test methods to of prediction with experimental behaviour.
measure relevant parameters.

* identify mechanical property values
It is useful to specify the various stages needed for use by stress analyses, and
involved in the development of testing prioritise their importance to the design of
standards. Once a test method has been fibre reinforced titanium components.
developed it is necessary to establish first of
all that it is capable of acceptable repeatability, * agree the best techniques for mechanical
i.e. acceptable levels of scatter are found when property measurement, including the
tests are repeated in one laboratory using carrying out of round robin testing needed
identical test conditions. If this can be to validate standardised test methods.
demonstrated for a range of similar types of
material then it is necessary to establish that * carry out stress analyses of selected
the test is capable of achieving acceptable components and to compare predicted
reproducibility, i.e. acceptable levels of scatter behaviour with experimental results.
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The combination of stiffness, strength and high temperature resistance provided by fibre
reinforced titanium matrix composites offers major benefits for aircraft engine and airframe
applications, wheic these materials could be used to reduce weight or improve performance.

This workshop on the subject of characterisation of titanium composites was intended to provide
a forum for the exchange of information in this important area. Characterisation in this case refers
to the understanding of the behaviour of the composites as it relates to the ability to predict their
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With titanium composites, we are presently at a stage where matrix alloys, reinforcing fibres and
composite consolidation processes are available for the fabrication of structural components.
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